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Fire has a role in ecosystem services; naturally produced wildfires Q2
are important for the sustainability of many terrestrial biomes and

five is one of nature’s primary carbon-cycling mechanisms. Under

a warming climate, it is likely that fire frequency and severity will

increase. There is some evidence that fire activity may already be 5
increasing in Western U.S. forests and recent exceptionally intense

Sfive events, such as the Australian Black Saturday fires in 2009 and

Russian firves in 2010, highlight the devastation of fires associated

with extreme weather. The impacts of emissions from fires on global
atmospheric chemistry, and on the atmospberic burden of green- 10
house gases and aerosols are recognized although gaps remain in

our scientific understanding of the processes involved and the en-
vironmental consequences of fires. While significant uncertainty

remains in the long-term impacts of forest fires on climate, new
sophisticated tools have recently become available (observational 15
and modeling). These tools provide insight into changing wildfires
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and intentional biomass burning activity in the Anthropocene era
that is marked by humans’ impact on Earth. The understanding of
the impact of wildfires and intentional biomass burning emissions
on the present and future climate is reviewed. Presently, fires and
their emissions are controlled under fire management and emission
reduction schemes. Under future climate conditions, significantly
more effective controls on these fires seem necessary. Continued and
improved monitoring to support and to demonstrate the effective-
ness of the adopted measures, and further deepening of knowledge
on the mechanistic and sociological factors that influence fires
and their environmental impacts is bighly needed. Wildfires and
biomass burning are important for a range of international and
domestic policies, including air pollution, climate, poverty, secu-
rity, food supply, and biodiversity. Climate change will make the
need to coberently address fires based on scientifically sound mea-
surements and modeling even more pertinent

KEY WORDS:

INTRODUCTION

Wildfires and the intentional burning of biomass are an integral part of
Earth’s system since they occur in all major biomes with diverse and broad
environmental impacts. At the surface, fires influence the composition of
plant species and hence indirectly, the type of biome,"? change surface
energy fluxes, and affect the atmospheric water cycle with removal of veg-
etation and changes to vegetation types.”! While they can recycle nutrients
to ecosystems located downwind they also damage ecosystems, property,
infrastructure, and human life. Trace gases and aerosol fire emissions in-
fluence atmospheric chemistry, radiative processes, and cloud formation,#
and can contribute to local, regional, and global pollution. Predicting the oc-
currence and magnitude of fires is an important challenge and the subject of
significant research activity, with tools and methodologies continually being
developed to refine the understanding and hence the ability to predict fire
occurrence in a changing climate.

Fires have been suggested to influence the evolution of some biomes,
such as the expansion of savanna ecosystems during the Miocene, 6—8 million
years ago.”! Naturally produced wildfires are important for the sustainability
of many terrestrial biomes. In boreal forests fire is a factor in determining
the age, species, diversity, and mixture of vegetation types, as well as energy
flows and biogeochemical cycles that influence the global carbon cycle. In
savannas, wildfires are responsible for preventing the encroachment of forest
as well as the regeneration of grassland vegetation. Fire in the natural context
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is an important part of ecosystem services providing nutrients and recycling
material and has always provided to some extent emissions of gases and
aerosols to the atmosphere.®

Forest, savanna, grassland, and tundra are among vegetation types sus-
ceptible to be impacted by fires. Forest alone covers between 30% and 37%
of global land surface.®'% Thus, a large fraction of Earth’s surface is sus-
ceptible to impact by fires. The circumpolar (45-70° North) boreal forests
and woodlands extend to ~9-14 million km? 1% representing about 6-9%
of global land surface and 30% of the world’s terrestrial carbon storage.!?!
Tropical forests (between 22.5° North and 22.5° South) cover 6.25 million
km? (5% of global land surface), 49%, 34%, and 16% being in tropical Amer-
ica, Africa, and Asia, respectively.””’ Savannas composed of a mixture of trees
and grasses ranging from open woodland to grassland cover about 33 mil-
lion km? (22% of global land surface). Temperate forests occupy the smallest
area of the forest-covered land surface (0.75 million km?; i.e., 0.5% of global
land surface) reflecting their coincidence with sites of human settlement,
exploitation, and development.

Both tropical and boreal forests are important contributors to global car-
bon emissions when burned. The fire emissions depend on the area burned
as well as the detail of the fuel type and combustion process. The frequency
and severity of fire events also depends on prevailing meteorological con-
ditions such as drought that increase susceptibility to burning. During the
exceptional 1997-1998 El Nifio period 26,000 km? of standing forests burned
in the Amazon, resulting in the loss of up to 0.4 Pg of carbon,'3' double
the amount of carbon lost due to deforestation in the Amazon each year.'¥
The El Nifo also coincided with fires in Indonesia in 1998, and 20,000 km?
of forest (peat and surface vegetation) burnt in East Kalimantan, Borneo,
with up to 2.5 Pg of carbon lost into the atmosphere, equivalent to 40% of
fossil fuel global carbon emissions."” The same year, boreal fires burning
over 13,000 km? in Russia were responsible for 14-20% of the annual car-
bon emissions from forest fires globally,'? equivalent to 40% of the regional
fossil fuel carbon emissions from Russia. Present estimates suggest that glob-
ally wildfires contribute about 20% of the fossil fuel carbon emissions to the
atmosphere."” The 2010 Russian fires that burnt 886,126.96 ha over approxi-
mately one month are estimated to have emitted 120 Tg of carbon (including
CO,, CO, CHy, and other smoke aerosols).”!

Carbon emitted from fires in boreal forests is likely to have a longer
residence time in the atmosphere due to the slow postfire growth rate of
boreal vegetation. In contrast tropical climates with high temperatures, suffi-
cient rainfall, and long periods with sunlight allow for more rapid vegetation
growth (forest or savanna) so that carbon emitted from tropical savannas has
a shorter atmospheric residence time.

Biomass burning is a source of numerous trace substances coemitted
with carbon dioxide (CO,); including methane (CHy); carbon monoxide
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(CO); nitrogen oxides (NOx); ammonia; volatile organic compounds (VOC)
including oxygenated, nitrated, and halogenated compounds; carbonyl sul-
fide; sulfur dioxide; and carbonaceous and sulfate-containing particles.'8-22
For several substances these emissions are comparable to industrial emis-
sions,’? or even exceed them, as is the case of organic aerosols."" Contrary
to the industrial emissions that often show minimal seasonality, biomass
burning emissions are concentrated mostly over a particular burning period
(or season).

Routine use of fire appears to have begun between 50,000 and
100,000 years ago. Hunter-gathers used fires to reduce fuel and manage
wildlife and many of these practices continue today."”*! The indigenous peo-
ple of Northern Australia used manwurrk (fire drives) to flush out game
during hunting,”” demonstrating the knowledge and skills indigenous peo-
ple bring to fire management in fire-prone landscapes around the world.

Fires can be initiated naturally by lightning strikes, although estimates
suggest that 90% of fires are intentional for land-use practices.?"! Examples
include forests and savannas clearing for agricultural and grazing use; slash
and burn cultivation; the control of grass, weeds, and litter on agricultural
and grazing lands; removal of stubble and waste on agricultural lands after
harvest; and the domestic use of biomass matter for cooking and heating.

While biomass burning has been part of slash and burn agriculture for
a relatively long period, increasing population and demand for agricultural
land and food has had a profound effect on the extent of biomass burning.
An upward trend in global carbon emissions attributable to deforestation
over the 20th century has recently been observed with Asia, Africa, and
South America being the most significant contributors to this trend during
the 1990s.?” The trends in global deforestation carbon emissions reflect
settlement patterns. For example, at the beginning of the 20th century, North
America, Asia, and Europe accounted for the most carbon emissions due to
deforestation. Between 1900 and 1960, an estimated 5% decrease in global
carbon emissions is attributed to land-use changes and wood harvesting that
reduce the biomass available for burning.

In this article we review our present understanding of the impact of
biomass burning emissions on the present and future climate. The first sec-
tion summarizes the impacts of fires on air quality, long range transport of
pollutants, chemistry and atmospheric radiation in the present climate. This
is followed by a discussion of the tools used to observe and predict fires and
their impacts in the present and future climate. The influence of short- and
long-term climate changes on fire occurrence and severity is then discussed
together with limitations in our ability to predict fire ignition and behavior.
Fire management and global policy issues are summarized and the paper
concludes with suggestions for actions to develop the tools and data re-
quired to improve our ability to assess, adapt to and mitigate fires and their
emission.
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Biomass Burning Impacts in a Changing Climate 5

IMPACT OF FIRES IN THE PRESENT CLIMATE
Air Quality and Long Range Transport

Biomass burning plumes containing elevated concentrations of aerosols, CO,
and ozone can be transported over thousands of kilometers in the tropics'?%2%
and in the middle latitudes with boreal forest fire pollution plumes impacting
the air quality in regions with large anthropogenic emissions, thousands of
kilometers from the fires.’” During the 2010 Russian fires air quality of
Moscow was severely impacted with concentrations of particulate mass less
than 10 um in diameter (particulate matter [PM] 10) up to 500 ug m™ being
recorded.?!

Although most African fires perturb the Atlantic and eastern South
American environments,[32‘34] emissions from southern African fires are also
transported into the Indian Ocean, with particularly strong plumes reach-
ing Australia within 8-13 days."® Boreal forest fire plumes are similarly
transported to downwind continents® and circle the entire northern hemi-
sphere 337 Similarly, aerosols from Australian forest fires have been ob-
served to circle the southern hemisphere.3

The number of fires in the boreal region varies substantially from year
to year. During strong fire years, many individual long-range transported
fire plumes mix, impacting the chemical composition of the background
atmosphere. Consequently, around 60% of the interannual variability of CO
in the extra-tropical northern hemisphere in summer can be explained by
boreal forest fire activity in North America and Russia.?” Biomass burning
plumes can also mix with materials from other sources, thereby strengthening
their impact on air quality. For instance, over and downwind of Africa, aged
biomass burning aerosol plumes are often mixed with desert dust.?”

There are multiple routes for pollution injection into different layers
of the atmosphere where long-range transport subsequently takes place
(Figure 1). Although much of this transport occurs just above the mixed
layer, redistribution of pollution as emission by-products (e.g., CO, ozone,
VOO) interacting with convection often leads to pollution layers in the up-
per troposphere .42 Hence, in addition to the occasional introduction of
aerosols and other pollutants into the stratosphere by pyrocumulus, mix-
tures of nitrogen oxides from lightning and resulting ozone formation can
be interleaved with pyrogenic pollution, typically between 6 and 12 km
altitude. 3!

Both agricultural and boreal forest fires can have a strong impact on the
aerosol concentrations in the Arctic,*4% where pollution from black carbon
(BO) contained in anthropogenic and biomass burning emissions is a major
issue. Not only does BC warm the atmosphere by absorbing radiation, its
deposition to the snow pack reduces the snow albedo and triggers enhanced
melting. 7% Snow albedo changes at Arctic sites have been indeed identified
during two extreme biomass burning events (Figure 2).1444!
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FIGURE 1. Schematic showing the injection of biomass burning emissions into atmospheric
layers and their subsequent long range transport in the upper atmosphere. (Color figure
available online).

>

Atmospheric Chemistry

The presence of many reactive species within biomass burning emissions
means they can have a significant effect on atmospheric chemistry. The ef-
ficiency of biomass burning emissions to produce ozone depends on the
dilution and their physicochemical transformation during atmospheric trans-
port, as well as the colocation of other emission sources. About 10-25% of the
net global photochemical production of tropospheric ozone is estimated to
be due to biomass burning."“>>% High ozone plumes extend over major parts
of the tropical and subtropical continents during dry seasons with concen-
trations being three times higher than background conditions.*'>/! Over the
Atlantic the impact is enhanced by coincident increases in anthropogenic
emissions of NOy in relatively pristine regions.”>>! Recirculation over the
Indonesian maritime continent allows smoke to accumulate and tropical tro-
pospheric ozone to increase relative to periods without smoke.” Fresh fire
plumes show low ozone levels due to titration from emitted NO,?>% while
ageing of plumes enables the buildup of secondary pollutants, ozone, and
more oxygenated species such as secondary aerosols (sulfates, nitrates, and
organics).’® Aged smoke particles show enhanced cloud condensation ac-
tivity due to coating by water soluble material; condensation of VOC with
multiple functional groups emitted during burning appears to be a major
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i) 26 April 2

4C/Art

FIGURE 2. View from the Zepplin station (a) under clear conditions on 26 April and (b)
during the smoke episode on 2 May 2006. Image courtesy of Ann-Christine Engvall. From
Stohl et al.® (Color figure available online).
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component of secondary organic aerosol.®””’ Biomass burning emissions af-
fect the oxidants in the troposphere, in particular the hydroxyl radical that
is central to the lifetime of CHy, tropospheric ozone, and halogens, thus
impacting stratospheric ozone;?">® methyl bromide emitted by fires may
cause ozone depletion.” Other potential effects on stratospheric ozone may
occur via perturbation of radiation, temperature, and the provision of aerosol
surfaces for heterogeneous chemical reactions. Such effects also impact the
troposphere. Biomass burning aerosols are also subject to cloud process-
ing, affecting the composition and oxidizing efficiency of smoke plumes.
Increases in emissions of CO and hydrocarbons from fires together with
changes in water vapor, cloud cover, and temperature may be responsible for
up to 6% decreases in global mean hydroxyl radical concentration between
1997 and 1999, the main sink of CH,.°" A series of significant CH4 growth
rate fluctuations during the 1990s has been attributed to biomass burning
in Indonesia in 1997 and Russia in 1998, affecting both the emissions of
CH; and the concentrations of the hydroxyl radical. In addition positive CHy4
growth rates from 2000 to 2003 were coincident with boreal fire emissions at
this time.[%% The magnitude of these effects is highly variable in space and
time.3! Due to the large spatial variability of fire plumes, the evaluation of
their global impact on atmospheric composition and climate requires further
investigation.

Radiative Forcing

Given the large uncertainties of greenhouse gas (GHG) and aerosol forcings
in the present generation of global climate models, it is unsurprising that
understanding the impact of fires on these forcings is limited. GHG emissions
from forest fires are suggested to have a positive feedback on climate leading
to enhanced global warming via modifications to weather and vegetation
types.!"!! Radiative forcing resulting from an intensive fire in boreal forest in
Alaska was assessed by integrating the effects of GHG, aerosol (including
BC) deposition on snow and sea ice, and postfire changes in land surface
albedo and found to be dependent on time.”! During the first year after the
fires, positive forcing of 34 + 31 W m™2 of forest burned was dominated by
deposition of aerosols (including BC, despite a small offset by the negative
forcing associated with changes to surface albedo within the fire perimeter).
Over a longer time frame (80 years), net negative radiative forcing of —2.3 &
2.2 W m™~2 suggested the balance between persistent changes in land albedo,
the effects of long-lived GHGs emitted during the fire, and continued uptake
of CO; by the forest ecosystem.

This calls into question the role that future fires in boreal ecosystems
may have in accelerating climate change and highlights the importance in
understanding the interaction between land surfaces and climate in these
northern forests. A comparison of top of atmosphere (TOA) radiation fluxes
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over boreal forests in Alaska, over different fire years, demonstrated higher
TOA radiative cooling associated with fires.®! This was attributed to higher
surface temperatures and increased scattering associated with organic aerosol
(with some warming due to BC) and suggests that aerosol emissions from
boreal forest fires and their absorptive character are presently underestimated
in models.

Primary emitted smoke particles together with the chemical formed sec-
ondary particles also affect cloud condensation nuclei number (CCN), cloud
droplet size, and precipitation.?195%! Specifically, smoke aerosols cool the
surface and heat the atmosphere, and provide thermal stability in the lower
troposphere by reducing convection and suppressing convective cloud for-
mation. In the presence of high smoke pollution, aerosols increase the num-
ber of CCN leading to reduced cloud droplet size so that the onset of precip-
itation occurs at greater heights above the cloud base compared with clouds
that form in clean air condition.!® Satellite observations indicate that heavy
smoke conditions eliminate scattered cumulus cloud cover, regionally lead-
ing to atmospheric warming rather than Cooling.[GG] Emissions of biogenic
VOC from boreal forests produce SOA that form CCN, so that boreal forests
have an indirect effect on radiative forcing by impacting on cloud-albedo
dynamics.®” Boreal forests were found to double the regional CCN concen-
trations causing a change in radiative forcing of between —1.8 and —6.7 W
m~2 or an overall cooling. However, since fires also result in the removal
of biogenic VOC emission sources, the boreal forest potential cooling effect
may be impacted. This added complexity highlights the uncertainty in our
understanding of the long-term impacts of forest fires on climate.

Pyroconvection

Heat and water vapor emissions from strong forest fires support the develop-
ment of extremely deep convection. The heating of the surface and the ini-
tial buoyancy of the biomass burning plume generate strong updrafts above
fires that are responsible for convective transport of tracers in the free tropo-
sphere where inefficient removal processes and fast winds can disperse the
smoke plume over long distances.®” Pyroconvective events reaching strato-
spheric altitudes are frequent in the temperate and boreal forests of North
Americal®43 and Siberia,® as well as in Australia.”” Even single events can
double the zonally averaged aerosol optical depth (AOD) in the lowermost
stratosphere, with the smoke persisting at these altitudes for months.”" Air-
craft measurements have confirmed the presence of smoke and gases in the
stratosphere at altitudes of 16 km and potential temperatures above 380 K,/7%
where most of the atmosphere’s ozone is located.

Pyroconvection is not generally captured by present global models.
Emission altitudes are specified either climatologically or as a function of
some observable quantity (e.g., fire radiative power). Many models assume
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fire emission to be injected into the lowest model layer, leading to large
errors.”3) Some special high-resolution models have recently proved skil-
ful,”47> and in some projects such as AEROCOM plume altitudes have been
prescribed.7%!

TOOLS FOR ASSESSING BIOMASS BURNING PRODUCTS
AND IMPACTS

Almost 30 years after the pioneering work by Crutzen et al."! that recog-
nized the impact of biomass burning on global atmospheric chemistry, an
improved understanding of pollutant emissions from fires and their impact
on atmospheric composition has been acquired. A number of research co-
ordination activities contribute to the understanding of biomass burning,
including the Global Fire Monitoring Center and the European Commission
via the Forest Fire Information System, both of which facilitate monitor-
ing and assessment of biomass burning activity. Significant effort has been
focused within the context of international field campaigns sponsored by
the International Global Atmospheric Chemistry (IGAC) project, the Inter-
national Geosphere-Biosphere Project (IGBP) and the International Com-
mission of Atmospheric Chemistry and Global Pollution.">1%! During the
1990s a series of international and interdisciplinary research campaigns on
biomass burning in tropical, subtropical, and boreal biomes was conducted
under the IGBP-IGAC umbrella. The Biomass Burning Experiment resulted
in a deeper understanding of the production of chemically and radiatively
important gases and aerosol species from vegetation fires to the global at-
mosphere and their effect on regional and global chemistry. Because of
the diversity of scientific approaches to the biomass burning research, in-
cluding recent advances in remote sensing products, advances in fire and
atmospheric modeling, advances in forecasting systems used for emergency
response, and the inclusion of the interaction of fire regimes with vegetation
in some climate models, the Biomass Burning Experiment as a large-scale
international and almost global collaborative effort has subsequently been
replaced by numerous small-scale projects and campaigns.

Observational Tools

To avoid undesirable consequences of fires, prevention, monitoring, and
management of fires are required. Information on fire behavior (from igni-
tion to cessation of burning) and location is vital for the prediction of fire
occurrence and emissions. Methodologies used to acquire information on
fire behavior have included laboratory experimental programs and in situ
observations. Dedicated field campaigns have been particularly important
for linking surface combustion processes to regional plume development
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through a combination of ground-based and aircraft observations. The Trans-
port and Atmospheric Chemistry Near the Equator—Atlantic field mission was
an investigation of the chemical composition, transport, and chemistry of the
atmosphere over the tropical South Atlantic Ocean and the adjacent South
American and African continents.”” Coincidently the Southern African Fire-
Atmosphere Research Initiative (SAFARI-A) investigated the emissions from
fires and soils in southern Africa, the meteorology over the subcontinent, and
the ecological impact of fires in the African savanna.” These experiments
demonstrated that widespread biomass burning in both South America and
southern Africa is the dominant source of the precursor gases responsible
for the formation of the large amounts of ozone observed over the South
Atlantic Ocean!” and that the meteorology in the region favors the accumu-
lation of the precursor pollutants over the tropical Atlantic basin resulting
in the in situ production of ozone by photochemical processes.*? SAFARI
2000 carried out in southern Africa in 2000 and 2001 addressed a broad
range of phenomena related to land-atmosphere interactions and the bio-
geochemical functioning of the southern African system.®” It included the
generation of new and revised biogenic and pyrogenic emission factors; air-
borne characterizations of aerosols and trace gases; regional haze and trace
gas characterization; and radiant measurements by surface, aircraft, and re-
mote sensing platforms. SAFARI 2000 resulted in significant insights into the
regional scale biogeochemical cycling of southern Africa and contributed
to the validation of remote sensing instruments on board the NASA Terra
spacecraft. 5!

Remote sensing from satellites is the best method for acquiring quantita-
tive information on the global magnitude and spatial distribution of biomass
burning. Remote sensing data include observations of fire activity (ignition,
location, and burnt area) and products such as temperature, precipitation,
solar radiation, vegetation type, and Normalized Difference Vegetation In-
dex that when fed into biogeochemical models or used with vegetation
classification systems enable evaluation of fuel load and combustion com-
pleteness.® In addition remote sensing also generates data on pollutants
emitted by biomass burning (see IGACtivities March 2007 Newsletter'®3 for a
detailed description of satellite based instrument presently available for the
measurement of fire activity and pollutant concentrations). Figure 3 shows an
example of some remote sensing products, particularly the spatial distribu-
tion and seasonal variation of southern hemisphere biomass burning derived
from observations made with the Terra satellite, including CO mixing ratios
from the Measurement of Pollution in the Troposphere (MOPITT) sensor
and AOD and fire counts from the Moderate-Resolution Imaging Spectrom-
eter (MODIS) between September 23 and 30, 2003.'8! Figure 4 shows near
real-time remote sensing observations of the 2010 Russian wildfires with
smoke and clouds derived from Atmospheric Infrared Sounder visible wave-
length radiance data overlying CO concentrations. Figure 5 shows AOD data
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FIGURE 3. Mean distributions of (a) MODIS fire counts, MOPITT CO mixing ratio (ppbv) at
(b) 250 hPa and (c) 700hPa, and (d) MODIS fine mode AOD for September 23-30, 2003.18
(Color figure available online).

from MODIS that track the extent of smoke from central Russian wildfires
averaged over the five-day period from July 27 to 31, 2010.

A number of satellite-based observations have been available since early
1982 to constrain fire activity from space.® The majority of satellite-based
sensors employ passive techniques, observing either solar backscatter or
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FIGURE 4. Image of Atmospheric Infrared Sounder visible wavelength radiance data (fore-
ground), showing clouds and smoke from Russian wildfires, and overlying CO concentrations
(background). Dark red indicates CO concentrations higher than 120 ppb. (Color figure avail-
able online).

thermal emission. The main biomass burning products derived from remote
sensing include fire activity (or hotspots) and area burned. Fire activity pro-
vides information on the spatial and temporal distributions enabling near
real-time fire monitoring. The duration of a fire can be estimated since in
general small fires can be detected. However, fire activity may be masked
by cloud cover and smoke. The advantage of the area burned products
over active fire detection is that observational gaps due to cloud cover and
satellite revisit time can be filled due to the persistence of the burn scar.
However area burned may be underestimated since a substantial part of
the grid cell has to be burned in order to be counted. The advantages and
limitations of fire activity and area burned products suggest that the combi-
nation of these products would improve global estimates of biomass burning
emissions. 825

Table 1 lists the fire activity and burned area products presently avail-
able. Products have progressed from single to multiyear enabling an under-
standing of interannual variability in area burned with the combination of
regional active fire and burned area data as in the Global Fire Emissions
Database version 2 (GFED v2) and version 3 products.[16’82] The recently de-
veloped burned area product L3JRC demonstrates both the progress and
the remaining limitations in our ability to monitor fires. The accuracy of the
burned area product is dependent on vegetation type, highlighting limitations
in the algorithms used to derive burnt areas from reflectance data produced
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FIGURE 5. Acrosol optical depth at 550 nanometers data from the Moderate Resolution
Imaging Spectroradiometer (MODIS) sensor on the EOS Aqua satellite, showing the extent
of smoke from central Russian wildfires. The MODIS data were averaged over the five-day
period July 27-31, 2010. (Color figure available online).

by the SPOT VEGETATION sensor.5 Over areas with low vegetation cover,
the amount of area burned is significantly underestimated. In addition, the
low-intensity fires in sparse vegetation reveal only a subtle change at middle
infrared wavelengths. The ability to detect small burn scars is also limited,
particularly over cultivation and managed areas. Use of active fire data and
reduction in the grid sizes used in the algorithm and for validation could
improve this limitation.

In addition discrepancies in burned areas derived from different sensor
products result in differences in emission estimates of pyrogenic chemical
species. For example, a validation of GLOBCARBON, MODIS, and L3JRC
burned-area products using standard independent reference data and re-
porting protocols for Southern Africa showed that the MODIS product had
the highest accuracy, most probably due to MODIS’s higher spatial reso-
lution that enables the detection of smaller and fragmented fires.®” The
ACCENT Biomass Burnt and Satellite Observations Project is an intercom-
parison focusing on total PM and CO emission estimates. Preliminary results
demonstrate differences of a factor of two in CO emissions derived using the
L3JRC burned area product, the MODIS fire count product and the Global
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TABLE 1. Remote sensing products of area burned and fire counts

Satellite/Sensor Coverage
Burned area products
Global Burned Area Polar Global 8 km weekly
(GBA) 1982-1999"7 NOAA-AVHRR
GBA 2000171 Polar Global 1 km monthly
SPOT VEGETATION
GLOBSCAR 2000172 Polar Global 1 km monthly

L3JRC 2000-2007150

Global Fire Emissions
Database version 2
(GFED v2)i

GFED v3!1¢
Global Carbon Burnt
Area Estimate (BAE)!73!

Fire count products

TRIMM[174]

World Fire Atlas!!7>170)

MODIS®?

Fire counts and fire
radiative power 2004

European Remote
Sensing Satellites (ERS)
Along Track Scanning
Radiometer (ATSR)
Polar
SPOT VEGETATION
Polar
MODIS (2001 onward),
TRMM-VIRS and ATSR
(for the pre-2001
period), and burned
area (MODIS)

VEGETATION, (A)ATSR and

MERIS

Polar
Tropical Rainfall
Measuring Mission
(TRMM)—Visible and
Infrared Scanner (VIRS)
Polar
European Remote
Sensing Satellites (ERS)
Along Track Scanning
Radiometer (ATSR)
Polar
MODIS
Geostationary
Spinning Enhanced
Visible and Infrared
Imager (SEVIRD)
Meteosat-8 satellite

Global 1 km daily

In 0.5 km monthly 1997-2006

In 0.5 km monthly 1997-2009
Monthly 1998 to 2007

0.5° x 0.5°, between 38 °N
and 38 °S since January
1998

Global in 1 km x 1 km daily
since July 1996

In 1 km x 1 km on daily basis
since 2001
Africa 3 km in 15 minutes

Burned Area 2000, and marked differences in the timing of peak burning 420
periods.>”

Spatial and temporal resolution is of particular relevance for monitoring
of fires. Polar orbiting satellites, while having good spatial coverage of fires,
provide only limited information on the temporal evolution of fires. Con-
versely, geostationary satellites produce data with high time resolution and 425
poor spatial resolution. Hence, there is a need to combine the information
derived from both satellite types when considering the significant diurnal
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cycle displayed by fires®™ and the requirement to link emissions estimates
to models of atmospheric transport and chemistry.

Emission Estimates

To estimate biomass burning emissions, burned area products are combined
with information on fuel loads, combustion completeness, and emission
factors. Biogeochemical models are used to determine fuel loads and com-
bustion completeness!®>8>89-9U and in situ observations provide information
on emission factors.!”!

Biogeochemical models estimate aboveground biomass levels and in-
corporate process level information on vegetation and fuel accumulation and
removal. For example a fire module in the Carnegie-Ames-Stanford-Approach
estimated global variations in fire emissions over an El Nino-Southern Os-
cillation (ENSO) cycle.? Regional applications of biogeochemical models
improved emission estimates from the combustion of belowground fuels in
boreal regions®? and in tropical regions, particularly the Indonesian drained
peats, which released large quantities of carbon to the atmosphere during
the 1997-1998 El Nifio."!

Emission factors (EFs) are usually defined as grams of trace gas emitted
per kilogram of dry matter consumed during a fire. Emission factors for over
100 chemical components have been experimentally determined, compiled,
and critically reviewed for a range of biomes."” However, several impor-
tant features of fires that influence the amount of material emitted by the
fire may not be captured in many EFs used in these estimates, including
the fire phase, the flaming (F) and the smoldering (S) phases. The ratio of
F/S occurrence depends on fuel conditions, fire weather, and terrain slope.
In addition, variation in timing of fires (or seasonality) is responsible for
variation of EF within a biome. In general, drier fuels in late season fires
result in more complete combustion® and in some biomes this may man-
ifest as changing EF as the season develops and fuels become drier (e.g.,
savannas) or the commencement of burning not occurring until late in the
season when fuels are dry enough (e.g., tropical and subtropical forests).
Emissions of CHy from fires in southern Africa were found to be dispropor-
tionately higher in the early fire season suggesting the bulk of CH4 emissions
result from early season fires.”>*¥ However, the actual magnitude of this ef-
fect is presently unclear and requires field measurement in a wider range
of savanna plant communities around the world. To date, all analyses of
seasonality rely on derived relationships between moisture content of fuel
(denoted by a greenness index) and combustion efficiency (i.e., there are
presently no comprehensive measurements of the seasonality of emissions
composition). However, it is likely that interaction between the mix of grass,
forest litter, coarse and heavy fuels, and fuel moisture on combustion effi-
ciency will result in EF seasonality that is regionally specific. For example,
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in the Australian savanna fuels tend to be fully cured before burning com-
mences in the early dry season and therefore the strong seasonality reported
elsewhere® probably does not occur to the same extent in Australia.

The accuracy of bottom-up accounts of emissions has not yet been
assessed globally and regional consistency and accuracy is debatable. For
northern Australia, for example, an underestimate by about 50% have been
deduced comparing a verified regional account®>* with earlier emission
estimates® for the year 2000, while GFED v2 emissions'®? were more con-
sistent. For the entire Australian continent, however, GFED v2 is substantially
higher than National Estimates®” possibly due to the application of a coarse
vegetation map resulting in crop stubble burning being misidentified as for-
est fires. However, both global data sets are valuable as indicators of fire
variation in the location, intensity of biomass burning emissions, and their
significance relative to fossil fuel combustion. These examples highlight the
importance of including regional information into global data sets, suggest-
ing that understanding regional features of burning behavior is an important
research priority.

Inverse modeling techniques that combine atmospheric data on trace
gases and particles may also reduce uncertainties in emission estimates. Data
from the MOPITT sensor were used to identify several areas where previous
estimates of biomass burning emissions were inadequate®®® and MOPITT
observations provided additional constraints on the seasonal timing of fire
emissions in the Southern Hemisphere, especially in southern Africa.”! Both
studies concluded that bottom-up inventories significantly underestimate to-
tal emissions and found substantial differences in the seasonality of emissions
from the inventory predictions.

The accumulation of uncertainties at virtually every step in the process
results in a factor of two variations in global estimates of carbon emissions
from fires.>>% However, the recent development of new algorithms that
quantify fire radiative power from satellite data®1%! shown to be directly
related to fuel consumption by fires, have the potential to significantly reduce
uncertainty associated with fuel loads and combustion completeness and
thus reduce the overall uncertainty in fire emission estimates.

Earth System Models

The increasing availability of satellite products, burned area, and active fire
counts that can be used as proxy for fire events and their emissions in the
atmosphere has enabled the construction of time dependent biomass burn-
ing emission inventories!®%9%:101-103] for yse in large-scale chemistry-transport
atmospheric models. A methodology to derive wildfire emissions for use in
air quality models, based on assimilation of satellite observations of temper-
ature anomalies and of fire radiative powers that are converted into emission
fluxes by empirical emission factors "4 has relatively low accuracy for small
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fires. Improvements of such models require refining of the emission factors
globally, determination of the types of fires (smoldering or flaming), eval-
uation of the injection heights of the plumes, and predicting the temporal
evolution of fires.

Due to the importance of fires for the environment and their link to
climate, recent developments of Earth System Models concern the inclusion
of fires in these models. However, it is challenging to predict both natural
and anthropogenic ignition of fires, as well as anthropogenic fire suppres-
sion. A few models have begun to characterize global fire occurrence. The
procedures used to estimate fire activity differ and are based on topsoil layer
moisture content and dead fuel amount (shown by Thonicke et al.) on fuel
availability and fuel moisture, and presence of an ignition source (anthro-
pogenic or natural by lightning)"'*? or on fire danger indices such as the
Nesterov fire danger index."%! Fire danger indices are based on meteorolog-
ical parameters such as temperature, humidity, and precipitation and have
been shown to be well correlated with area burned in North America and
Russia over the 20th century."”! This suggests they may prove to be useful
indexes of fire danger in future climate conditions.

While simple generalized models may omit many fine details that are im-
portant for predicting fire behavior on small scales, such as spatial availability
of fuels of different ignitability, at a global scale these details may be hard or
even impossible to quantify so that their inclusion in global models may ac-
tually increase global model uncertainties. A simple generalized fire model
for all biomes for use in global climate models has recently been devel-
oped."% 1t determines flammability conditions from vegetation density and
a set of available meteorological parameters: precipitation, relative humidity,
and temperature. A ubiquitous ignition source is assumed or alternatively
the ignition source incorporates both natural and anthropogenic sources, as
well as anthropogenic fire suppression. When evaluated by comparison with
calculated fire counts with satellite multiyear records the algorithm was able
to reasonably reproduce the global fire patterns and their seasonal variations
that are driven by vegetation cycles and climate conditions. However, the
anthropogenic influence has very substantial global footprints on fire sea-
sonality, due to specific timing of ignitions for land-use purposes.'’# This
is not sufficiently captured by the models that, at present, perform poorly
in representing the human impact on fire frequency through deforestation,
agriculture, and fire management practices.

Adequate representation of the anthropogenic influence on fires re-
quires not only information on population density, but also comprehensive
global socioeconomic data on sources of anthropogenic ignitions, fire sup-
pression policies and resources, and degrees of fire management. Much of
this information is presently not available. However, the biogeochemical
model CLM-CN?71%! accounts for the fraction of deforestation that occurs
due to burning by incorporating land use change scenarios and the role
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of humans in modulating wildfires (by suppression or ignition). Using this
approach, global fire carbon emissions have been simulated to range be-
tween 2.0 and 2.4 Pg of carbon per year for the period 1997-2004 (for the
same period GFED v2 and GICC report 2.3 and 2.7 Pg of carbon per year,
respectively).

IMPACTS OF CLIMATE CHANGE ON BIOMASS BURNING

The link between long-term climate change or short-term variability and
fire activity is complex with multiple feedbacks expected (and potentially
unknown). Fires require fuel to burn and the type, quantity, and quality
of fuel is influenced by climate. Periods of high precipitation or high CO,
loadings may result in increased biomass growth so that enhanced fuel loads
are available in future fire seasons. Reduced water availability associated with
drought may result in drier biomass that is more readily burned in possibly
more intense fires. Higher temperatures and other extreme weather may
lengthen fire seasons and result in increased likelihood of fires ignitions
and longer burning periods. Vegetation types are also altered in a changing
climate. In turn, fires influence climate by the emissions to the atmosphere
of aerosols and GHG, and by affecting the ability of biomass to sequester
carbon.

Climate Variability (Short-Term Climate Change)

The documented link between open vegetation fires and climate variability
associated with sea surface temperature anomalies and extended droughts is
demonstrated by the most studied low-frequency climate cycle, the globally
significant ENSO, shown to impact fires in South East Asia, Central and
South America, and boreal regions of Eurasia and North America 0252110
Regionally significant climate phenomena such as the Arctic Oscillation (e.g.,
Siberia), ! Indian Ocean Dipole (IOD), Indonesia,''? Atlantic Multidecadal
Oscillation (e.g., Boston Mountains),'''3' and Pacific Decadal Oscillation (e.g.,
Alaska)!!¥ have also been identified to affect fire occurrence (Figure 6). The
synergistic impact of the large-scale and regional climatic phenomena can
enhance fires, leading to exceptionally intensive biomass burning such as
the 1997/1998 Indonesia fires, attributed to the combined strength of the
El Nino and the I0D.""'? Observed interregional differences in fire patterns
can also be attributed to changes in land use and population density, driven
by humans. For example, a strongly nonlinear link between drought and
fire emissions is demonstrated by comparing the fire carbon emissions in
Indonesia during the moderate 2006 El Nino that are 30 times greater than
those during the 2000 La Nifa. This is due to a direct anthropogenic influence
since ignitions are mostly anthropogenic more clearing occurs in drier years
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Transverse MonsgP

FIGURE 6. The principal atmospheric circulation patterns affecting tropical fires.

leading to greater forest loss rates and exposure of larger areas of peatland,
becoming vulnerable to fire in the drought years."!

In addition to the fire behavior changes, the atmospheric fate of fire
emissions can be influenced by changes to climatic phenomena that affect
atmospheric transport. El Nino—induced meteorology resulted in enhanced
transport of boreal forest fires emission from Siberia to Canada, and high
North Atlantic Oscillation Index resulted in transport of emissions to higher
latitudes over Europe.'® An exceptional ozone episode during the 1997
ENSO and IOD events was associated with anomalous subsidence bringing
ozone toward the surface causing an increase of tropospheric ozone column
that was further affected by the fire emissions chemistry.”* Forest fires in
Siberia may have contributed to a rise in atmospheric CO, concentrations of
greater than 2 ppm per year during 2002 and 2003."'7" A statistically signifi-
cant relationship between interannual variability of Siberian forest fires and
climate indices including summer temperatures and precipitation has been
demonstrated."Y Boreal forest fires occur annually at the onset of the tun-
dra thaw when natural fires and those set by subsistence farming practices
become uncontrolled. During warmer winters the thaw moves north, expos-
ing a greater carbon reserve to liberation through fire. Permafrosts create
a heat sink during summer months so that reduction in area of permafrost
will result in heat being transferred to the atmosphere, and hence enhanced
warming. Through this process, projections suggest that the Arctic may be
a carbon source as early as the 2020s,M® and Paleo evidence suggests that
tundra fires are presently occurring at greater frequency than during the last
5,000 years.119!

The examples demonstrate the complex relationship between fires and
climate, both in terms of developing the conditions for fires to start and
thrive and the subsequent impact the emissions have on climate. Some have
suggested that a consequence of climate change will involve changes to nat-
ural variability and climate phenomena. For example, in a warmer stabilized
climate, models suggest an increase in the amplitude of El Nifo (although a
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change in frequency is more debatable)."?” In addition past climate change
has been accompanied by changes in ENSO amplitudes suggesting the same
may happen in a future warmer climate.'! The strong correlations of fires
with climate parameters, and the predicted changes in these parameters due
to climate, also suggest significant future change of fires.

Long-Term Climate Change

Under climate change, warmer temperatures and precipitation changes are
expected to be the main climate drivers for fires by changing the frequency
and the intensity of fires."?27125) A compilation of fire information between
1970 and 2002 for forests in the western United States indicates that wild-
land fire frequency and intensity may already be increasing."?3 Interannual
variability of fire activity discussed previously is an indication of some of
the behavior that could be exhibited under long-term climate change. The
present level of understanding of the long-term climate change influence on
biomass burning was recently summarized (Flannigan 2009)

Projections, most of them based on atmospheric scenarios involving
increasing CO; levels, suggest an increase in fire frequency under climate
change. For example, a doubling of area burned along with a 50% increase
in fire occurrence is foreseen in parts of the circumboreal by the end of this
century.'®! For Canada and Alaska the average area burned per decade is
expected to double by 2041-2050 (relative to 1991-2000) and increase on
the order of 3.5-5.5 times by the last decade of the 21st century.'?” Recent
projections suggest an increase in fire occurrence across Canada of 25% by
2030 and from 75% to 140% by the end of the 21st century.'?”)

A 55% increase in the probability of extreme fire risk across Australia
from grasses and forests by 2100 under a relatively low emission scenario of
621 ppm CO; has been projected.'?® Under a 2 X CO, climate a 5 °C in-
crease in temperature and 20% decrease in precipitation for Western Canada
has been projected, resulting in an increase in the Canadian Fire Weather
Index of 20%.1%% Increases in the seasonal severity rating of 46% across
Canada'™" and 10-15% across North America’®"! have been projected using
2 X CO; scenarios. Additionally, longer fire seasons for Canada have been
projected.!'32133 Under a changing climate the Nesterov fire danger index is
predicted to increase by 2080, especially in southern Siberia.'3" Area burned
in Canada has been projected to increase by 74-118% in a 3 X CO, climate
scenario. 24

A number of climate scenarios indicate shifts in the precipitation patterns
(causing increased drought). For example a significant reduction in the area
of the Amazon forest during the 21st century has been predicted, mainly as
a result of increased fire disturbance associated with drought conditions.!'3%
The increases in extreme fire risk projected for Australia by 2100 were driven
by climate warming and the associated reductions in relative humidity.!"
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Conversely, predicted increased precipitation in Eastern Canada has resulted
in projections of decreased areas burned."* Land use changes in the Ama-
zon are also expected to increase fire disturbance; future development in the
Amazon is predicted to result in increased fire activity (22—-123%).1137)

The initiation of fires through lightning may also be influenced by
changing climate. Presently lightning initiates 35% of fires burned in the
boreal forests of Canada, but is responsible for 85% area burned.!¥! An
increase in convection under a 2 X CO, climate could lead to an increase
in lightning that would result in a 78% increase in area burned across the
United States.'3' A projected 1.8-fold increase in lightning fire initiation by
2080-2089 relative to 19751985, would result in a 2.6-fold increase in bo-
real mixed wood forest area burned in central eastern Alberta, Canada 4"’
However the relationship between lightning and convection (and climate)
is rather speculative, and further robust observational lightning data are re-
quired in order to understand the role of lightning in initiating fire in the
future.

Climate change impact on wildfire emissions of carbonaceous aerosol
in the Western United States out to 2050 has been simulated'*!! based on
area burned? and focusing on wildfires in forest dominated ecosystems
where the main control of fire activity is understood to be meteorology.4?
Mean summertime organic carbon over the western United States between
2046 and 2050 was projected to increase by 40% and elemental carbon by
18% relative to 19962005 with largest increases occurring in the northwest
United States, colocated with increased fire activity. This would increase the
fraction that carbonaceous aerosol comprises of fine aerosol over the western
United States from 40% to 50% by 2050.143

Limitations

The present modeling of fire occurrence and impacts has a number of lim-
itations to be addressed as the scientific understanding of the processes
involved develops. Presently the quantity of fuel consumed is not accurately
represented in models. Fuel loads and fire severity both influence fuel con-
sumption. Increasing fire activity could lead to a decrease in the fire return
time interval potentially resulting in a decrease in the age of trees and the fuel
consumption per area burned. For example, an 18% reduction in the quan-
tity of the fuel consumed in the western United States has been calculated,
assuming no time for vegetation to recover between fires.'4!

Fire severity is influenced by climate change, with increased temperature
and decreased moisture resulting in more severe fires. Fuel consumption by
the wild fires in the Canadian boreal forest has been projected to increase
by up to 18%."44 The impact of fire severity in nonboreal forests remains
unclear and the combined effect of fuel consumption and fire severity could
amplify or suppress projected changes.!'*!
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Few projections take into account the effect of vegetation changes and
human intervention (e.g., fire management and land use activities). For ex-
ample, warming is projected to be greatest in the northern latitudes and
decadal scale periods of warmer temperatures in northern Siberia have been
linked to large-scale tree line changes in high-latitude boreal forests, with
the tree lines migrating northwards during warmer periods."*! The pre-
dicted movement of Siberian forests northward will increase the coverage
of steppe ecosystems, becoming predominant by 2080."3* However, per-
mafrost is not predicted to thaw enough to support dark taiga forest. Fire
danger is predicted to increase by 2080, mainly resulting from the accumula-
tion of fuel loads when steppe replaces forests combined with more frequent
fire weather and the resulting feedback of more wildfires creating grassland
habitats that have a greater propensity to burn. Moisture changes in a 2 X
CO; climate in Western Canada could result in expansion of aspen parkland
northward at the expense of true boreal forest, and while species migration
may not follow climate drivers directly, different fuel conditions may pre-
dominate under different future climates.'’! However fire itself could cause
a species shift as more fires create younger forests dominated by successional
species such as aspen.

POLICY PERSPECTIVES

Local Fire Management

Managing emissions from fires continues to be a contentious issue and re-
quires significant resources from government, industry, and community, par-
ticularly as more land becomes settled and the urban-wildland interface is
extended. Fire suppression, prescribed burning, forest thinning, and natural
wildfires are some of the policies that have been employed to manage fires.
The approaches used depend largely on the nature of the fire regime, and
the land use activities that are affected.

Fire suppression is the complete prevention and extinguishing of any
fire. The effectiveness of fire suppression in controlling fire activity is heav-
ily debated and seems to be dependent on ecosystem type. The suggestion
that fire suppression increases the probability of a catastrophic fire event
is based on the accumulation of fuel that occurs under a fire suppression
regime. Some ecosystems such as yellow pine forests have a long history of
surface fires so that fire suppression policies have resulted in the exclusion
of fire during the last century, the accumulation of fuel and the consequent
occurrence of large crown fires." % However, in the boreal forests of On-
tario, there is insufficient evidence to suggest that suppression of fire has
significantly changed the fire cycle.'*”

Fire suppression depends on extinguishing small fires quickly (until,
as discussed previously, fire load increases to the point where unsuccessful
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suppression results in a large numbers of escape fires) and hence has a
narrow margin between success and failure.’33! Under a warming climate
there is some suggestion that the ability of management agencies to deal with
these increases in fire activity is limited (particularly if resources available
to do so remain constant) so that a disproportionate number of fires may
escape initial attack under a warmer climate, resulting in an increase in area
burned that will be much greater than the corresponding increase in fire
weather severity.12%

Prescribed burning is the deliberate ignition of fires in specified and
controlled areas, the main aim of which is to remove accumulated fuel. The
effectiveness of prescribed burning in controlling fire is also heavily debated.
For example, the prescribed burning model may have been inappropriately
applied to the boreal forests of Canada, where crown fires are an inevitable
consequence of the fuel structure and burning is not age dependent.4¥
However, a number case studies point to the positive effect of prescribed
burning on reducing the progression of wildfires in several ecosystems in-
cluding pine forests of Florida, 15" Californian conifer forests,'>1% Cali-
fornia chaparral,">3 and eucalypt forest in southeastern Australia and south-
western Australia.">¥ A model of vegetation dynamics and fire spread was
used to determine the importance of suppression and prescribed burning on
wildfire size in Mediterranean ecosystems and found that area burned was
similar in the two fire management regimes, although the suppression of fires
resulted in the dominance of large fires.">! Another recent modeling study
suggests that prescribed burns reduce the occurrence of severe wildfires that
remove carbon-sequestering large trees in addition to the understory and
thus reduce the overall carbon emissions.!'>°!

The effectiveness of any fire management policy is tested when fires
occur during extreme weather events such as very strong winds, low rela-
tive humidity, and high temperatures. Fire intensity increases (nonlinearly)
with decreasing fuel moisture and increasing wind speed, both of which are
more variable than fuel characteristics. Hence when strong winds and low
humidity are the drivers behind large fires, reduction in fuel amount is inef-
fective 71581 A significant fraction of global area burnt is the result of a very
small number of very intensive wildfires and driven by extreme weather.!'>%

A correlation between fire frequency and population suggests that fire
suppression may not be responsible for the increasing destructiveness of
Californian shrublands wildfires.!">” Again, these catastrophic brushland fires
are often driven by extreme weather, particularly very high winds associated
with the Santa Ana."®! The correlation of fire frequency with population sug-
gests that many of these fires result from human activity (either deliberate
or unintentional). The urban interface continues to expand as a preference
for the rural lifestyle and prices for suburban housing in large cities rises,
so in the future not only will we see the influence of increased temperature
(and hence extreme fire weather) on determining fire, we will see increased
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population at the urban interface compounding the risk of catastrophic wild-
fires. The policy implications of this lie in the management of the urban
interface expansion and could include restrictions on the location of build-
ings and infrastructure as well as controls on materials and building designs
and management of recreational areas.

A number of factors constrain prescribed burning programs including
suitable weather for burning, adequate funding, landscape, conservation is-
sues, and impact on air quality particularly for urban interface locations. Of-
ten the requirement to comply with air quality regulations is an important re-
striction to prescribed burning activity. In Australia the National Environment
Protection Measure for PM10 includes an allowance for five exceedances per
year to cater for high particle concentrations resulting from activities such
as prescribed burning and natural dust events. However, at the urban inter-
face in Sydney, 27% of area requires annual burning to reduce hazard,"%!
potentially impacting air quality levels for more than five days per year.

In general prescribed burning places minimal emphasis on ecological
considerations and in ecosystems with a history of low intensity surface fires,
the risk to conservation should be negligible. However in ecosystems that
experience large infrequent crown fires as part of the natural fire process
this is not the case. There is a lack of information from long-term studies on
the ecological effects of prescribed fire regimes.'>

In savannas, where fire is an integral part of the ecosystem and therefore
is essential for the maintenance of many plant and animal communities, the
focus has ranged from zero intervention to complete suppression. Without
fire management, fires ignited in the late dry season develop sufficient inten-
sity to burn for many days without control across large areas often damaging
fire sensitive plant communities. The present approach to fire management,
applied particularly in the indigenous lands in Northern Australia, is to return
to the management regimes practiced by the traditional owners prior to Eu-
ropean intervention. In parts of Australia, the knowledge of these strategies
remains with the elders who are now working closely with the fire agencies
to implement them."%? The management strategy is to undertake low inten-
sity prescribed burning in appropriate fire resistant communities during the
early dry season to establish barriers to the progress of high-intensity late sea-
son fires. This leads to both reduced GHG emission!'®>194 and biodiversity
protection. %%

Global Policy

The complex interaction of fire, climate, and human activity and biome char-
acteristics means that the isolated treatment of any of these factors in policy
discussion is inherently flawed. Instead an integrated approach is required to
understand the relationship fire has with these factors. In the Driver-Pressure-
State-Impact-Response conceptual framework, " nonanthropogenic drivers
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for fire include ecosystem services and global carbon cycling. Poverty is a
significant human driver, in particular the need for inexpensive land and
food production that results in shifting land use practices. Policy directives
may also contribute to these drivers for example policy to meet biofuel use
targets. Pressures include emissions of GHG and aerosol and changes to bio-
diversity and biomes. Indicators of state are changes to land cover, albedo,
radiative forcing, and reduction in air quality, all of which have been dis-
cussed throughout this article. Response includes local, regional, and global
policies and incentives aimed at reducing the impact of fire.

The development of environmental policies that reduce emissions from
biomass burning is challenging. Part of the challenge lies on the possibility
to have reliable estimates of emissions from biomass burning. In addition,
it is difficult to distinguish between emissions resulting from unwanted fires
such as those associated with deforestation activities, undesirable naturally
or anthropogenically initiated fires and fires that are considered important
for ecosystem maintenance such as African and Australian savanna fires or
prescribed burns for fire management. In the latter case it is still important
to be able to estimate these emissions.

A number of international or global activities exist to promote cooper-
ation and collaboration that may indirectly reduce the impacts of biomass
burning emissions. Of these, the United Nations Framework Convention
on Climate Change (UNFCCC), requires Annex 1 (i.e., industrialized) coun-
tries to include in their annual GHG inventory reports the emissions from
biomass burning within the sectors of land use, land use change, and forestry
(LULUCF) as well as agriculture. These inventories are subject annually to
a review by a team of experts coordinated by the UNFCCC secretariat. It is
important to note that, given the difficulty to distinguish between the human
and the natural origin of emissions and removals from LULUCF, these GHG
inventories include only the emissions and removals occurring on managed
lands. In other words, the concept of managed land is used as a proxy for
anthropogenic effect.

Analysis of the GHG inventories submitted to UNFCCC' shows that
the emissions from biomass burning reported by Annex 1 countries in the
last 10 years averaged about 575 Mt CO,-eq./year (range 400-800 Mt CO,-
eq./year),” the vast majority from LULUCF. The highest emissions are re-
ported by the United States, Canada, Australia, and Russia, and in some years
equaled a large part of total country’s fossil fuel emissions (up to 40-50% in
Canada and Australia). For most countries, the majority of these emissions
are due to forest wildfires, although in some case significant emissions are
also reported for grasslands and croplands (e.g., Australia).

The UNFCCC also requires non—-Annex 1 (developing) countries to re-
port emissions from their land use sector (including biomass burning) in
periodic National Communications.> Although the available data suggests
a significant contribution from biomass burning to overall emissions in
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FIGURE 7. Ratio of national emission of carbon from biomass burning (from GFED2
database®) to emission of carbon from combustion of fossil fuels (determined from national
energy statistics from the International Energy Agency database.'’”! (Color figure available
online).

developing countries, it is difficult to provide global estimates because many
countries do not provide complete and updated information.

Other sources of information confirm that the relative contribution of
biomass burning over total emissions is significantly higher in developing
countries than in industrialized ones. For example, Figure 7 shows the esti-
mated ratio of carbon emissions from fires to carbon emissions from fossil
fuel use, without taking into account the uptake by previously burned veg-
etation that is regrowing. The highest ratios occur between 30° north and
south of the equator particularly in developing nations where fossil fuel use
is low. In central Africa where savanna fires are a dominant feature of the
ecosystems, in southeast Asia, where clearing of rainforest for agriculture
and timber production are major activities, and in South America where for-
est clearing and savanna burning are extensive, fires dominate all emission
sources exceeding fossil fuel emissions by one or more orders of magnitude.

With respect to the policies aimed to reduce emissions from biomass
burning, a distinction should be made between UNFCCC and the Kyoto Pro-
tocol. While the UNFCCC contains only a general commitment for reducing
emissions, the Annex 1 countries that ratified the Kyoto Protocol accepted
a legally binding emissions limitation commitment (i.e., an emission target).
The accounting of emissions and removals from the LULUCF sector within
the Kyoto Protocol, which contributes to reach the legally binding target,
is mandatory for some activity (afforestation/reforestation and deforestation
since 1990) and voluntary for other activities (forest management, cropland
management, grazing land management, and revegetation). Given the quan-
titative importance of biomass burning emissions for several countries, the
treatment of these emissions in the accounting (i.e., in the assessment of the
compliance with the emission targets) always represented an important issue
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of debate in climate negotiations. In particular, the use of managed land as
a proxy for anthropogenic effect, applied in the reporting of fire emissions
to UNFCCC, is also used for accounting purposes during the first commit-
ment period of the Kyoto Protocol (2008-2012). This means that if a country
has voluntarily decided to account the emissions and removals from forest
management under the Kyoto Protocol, any emission from fires occurring
on managed forests should be accounted irrespective of its (often unknown)
underlying cause. As the risk of large and uncontrollable emissions from fires
in managed forests may be significant, the present approach has contributed
to the decision of some Annex 1 country (e.g., Canada, Australia) to not
account for forest management in the first commitment period of the Kyoto
Protocol.

In the present negotiations for a post-2012 climate regime, there is strong
interest in making the accounting of emissions and removals from forest man-
agement mandatory for all Annex 1 countries. Although the future LULUCF
accounting rules are yet to be finalized, there is wide support for a new ac-
counting approach that, through the concept of force majeure events,* would
reduce the compliance risk with the overall emission limitation commitments
(i.e., the risk that a country will not reach its overall emission target because
of uncontrollable emissions from fires). This approach would help to extend
the accounting of emissions and removals from forest management in all
Annex 1 countries, and thus indirectly represents an incentive to increase
the control over the emissions from biomass burning.

Furthermore, a similar approach may also be applied to the Reduced
Emissions from Deforestation and Forest Degradation and the role of conser-
vation, sustainable management of forests and enhancement of forest carbon
stocks (REDD+ mechanism), which will provide incentives to developing
countries to reduce emissions and loss of forests. Given the importance of
emissions associated with deforestation activities, the implementation of the
REDD+ mechanism would represent an additional important incentive to
reduce the emissions from biomass burning.

CONCLUSION

This work has provided a review of the present state of knowledge regarding
the role of biomass burning in influencing climate, the role of climate in
influencing biomass burning and the tools available to observe and predict
biomass burning emissions. Policy and management practices that influence
biomass burning emissions have also been briefly touched on. This review
has clearly documented that biomass burning results in the emission of GHG
and aerosol to the atmosphere and that in some instances these emissions
can be as significant (or more significant than) emissions from industrial
activity (e.g., 1997/1998 El Nino Indonesian peat fires!"). This review has



BEST_A_604248

bestxml-als-v1.cls October 26, 2012 14:19

Biomass Burning Impacts in a Changing Climate 29

also demonstrated that under a changing climate, the frequency and intensity
of fires is likely to increase (e.g., southeastern Australia).%%

Reduction of the emission of biomass burning GHG and aerosol to the
atmosphere faces a number of challenges. The first concerns the distinction
between fires for ecosystem service delivery (e.g., maintenance of many plant
and animal communities in savanna ecosystems) and fires that are deliber-
ately lit to serve human purposes (e.g., land use change or fire management).
Naturally lit fires can be intense sources of emissions, and while fire man-
agement activities such as controlled burning and fire suppression are aimed
at reducing the severity and frequency of these burns, the present discussion
has highlighted the absolute importance of the appropriate methods being
used in different biomes.

The choice of fire management procedures should rely on a sound
understanding of the fire history of the biome, and should have contingency
for the occurrence of severe fire weather. Consequently the effectiveness
of any fire management policy can only be gauged if the correct tools are
available to assess metrics of success.

Similarly the control of emissions from deliberately lit fires can only be
achieved by good advice based on good data. In particular for a developing
nation to participate in global emission reduction schemes they need to be
able to account for their emissions. It is the role of the scientific community
to work towards the development and provision of the tools required to do
this.

The provision of good data on which to base sound advice, policy
and projections can be seen as a second significant challenge. The actions
required to develop the tools and data required to provide advice for fire
management and emission reduction include the following:

e Improvement in the spatial and temporal resolution of burned area prod-
ucts derived from satellite observations so that smaller fires of shorter
duration can be accurately mapped. This may be achieved by a hybrid of
fire counts and burned area products from polar satellites and fire activity
from geostationary satellites.

e Routine use of new algorithms that quantify fire radiative power from
satellite data will reduce uncertainties in emission estimates attributable to
uncertainties in fuel loads and combustion efficiency.

e Verification and validation of satellite products and the understanding of
inconsistencies between products from different satellites and between
biogeochemical models in the determination of emission estimates are
required. Quantifying the seasonality of EFs is a research priority. Verifi-
cation of a bottom-up inventory model structure and parameters will lend
confidence to the model predictions; however, independent validation
with tools such as inverse modeling is required to consolidate emission
estimates.
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e The incorporation of fire modules in Earth System Models will enhance
our understanding of the impact of climate on fires and vice versa. Such
models will need to represent the physical fire processes as well as the in-
fluence of anthropogenic ignitions, fire suppression policies and resources,
and degrees of fire management.

The third significant challenge lies in the policies and actions to reduce
biomass burning emissions. For example, banning agricultural waste burn-
ing and intentional land clearing burning completely could greatly reduce
emissions under the condition that appropriate alternative methods are ap-
plied. While in several regions laws already exist against such practices,
an improved control system and implementation of stronger legal actions
would clearly have large benefits. However, such actions will be ineffective
in the case where livelihoods and even survival are dependent on these
practices. At the international level, we have discussed how possible amend-
ments to LULUCF rules under the Kyoto Protocol, presently under nego-
tiation for a post-2012 climate mitigation agreement, have the potential to
promote a broader accounting of emissions and removals from forests; this
in turn, would represent an important incentive to control the emissions from
biomass burning.

Unintentional forest fires will be difficult to avoid completely, but set-
ting requirements on technical installations or other causes to ignition (train
breaks, broken glass in litter, power installations) will reduce the frequency
of fires. A ban on specific installations proven to have a high risk of caus-
ing an ignition could be considered. In addition management of the urban
interface expansion requires particular consideration and could include re-
strictions on the location of buildings and infrastructure as well as controls
on materials and building designs.

The science behind naturally lit fires and the ability to project biomass
burning activity is important, particularly given the likelihood of changing
climate increasing the severity and frequency of wildfires. The dependence
of wildfires on socioeconomic drivers in Africa has been demonstrated,”
hence it will also be important to understand the relationship between fire
and socioeconomic parameters such as population density, land ownership
structures, and economic indicators in determining how wildfires can be used
as management tools. This will require an integrated assessment approach
to the problem.
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NOTES

1. See http://unfccc.int/national_reports/annex_i_ghg_inventories/items/ 1035
2715.php Q13
2. This estimate is derived from CRF tables LULUCF 5(V) (biomass burn- Q14
ing, including both wildfires and controlled burning) and Agriculture 4.E
(prescribed burning of savannas). Several countries did not explicitly in-
cluded CO;, emissions from biomass burning in table 5(V); in these cases, 1040
we indirectly derived CO, emissions from CH; and N,O reported emissions,
using default factors from IPCC Good Practice Guidance for LULUCFE."7! 1¢
should be noted that not all Annex 1 countries reported complete informa-
tion on emissions from biomass burning on managed lands.
3. See http: //unfccc.int/ national_reports/ non-annex_i_natcom/ items/ 1045
2716.php Q15
4. According to the draft negotiation document FCCC/KP/AWG/2010/
CRP.3, “Force majeure means extraordinary events or circumstances, defined
as those events or circumstances whose occurrence or severity was beyond
the control of, and not materially influenced by, a Party.” A possible threshold 1050 Q16
for the purposes of applying the definition of force majeure (e.g., X% of total
national emissions included in the base year) is presently under negotiation.

REFERENCES

[1] Bond, W. J., and Keeley, J. E. (2005). Fire as a global ‘herbivore’: the ecology
and evolution of flammable ecosystems. Trends in Ecology & Evolution, 20, 1055
387-94.

[2] Bond, W. J., Lee, W. G., and Craine, J. M. (2004). Plant structural defences
against browsing birds: a legacy of New Zealand’s extinct moas. Oikos, 104,

500-8.

[3] Randerson, J. T., Liu, H., Flanner, M. G., Chambers, S. D., Jin, Y., Hess, P. G., 1060
et al. (2006). The impact of boreal forest fire on climate warming. Science,
314(5802), 1130-2.

[4] Crutzen, P.J., Heidt, L. E., Krasnec, J. P., Pollock, W. H., and Seiler, W. (1979).
Biomass burning as a source of atmospheric gases, CO, H,, N,O, NO, CH;3Cl,
and COS. Nature, 282(5736), 253-6. 1065

[5] Feingold, G., Remer, L. A., Ramaprasad, J., and Kaufman, Y. J. (2001). Analysis
of smoke impact on clouds in Brazilian biomass burning regions: An exten-
sion of Twomey’s approach. Journal of Geophysical Research—Atmospheres,
106(D19), 22907-22.



BEST_A_604248

1070

1075

1080

1085

1090

1095

1100

Q17

1105

1110

1115

bestxml-als-v1.cls October 26, 2012 14:19

32

[0]

(7]

8l

%]

[10]

(11]

[12]

[13]

(14]

(15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

Keywood et al.

Penner, J. E., Dickinson, R. E., and O’Neill, C. A. (1992). Effects of aerosol from
biomass burning on the global radiation budget. Science, 256(5062), 1432—4.
Beerling, D. J., and Osborne, C. P. (2006). The origin of the savanna biome.
Global Change Biology, 12, 2023-31.

Turner, M. G., Smithwick, E. A. H., Metzger, K. L., Tinker, D. B., and Romme,
W. H. (2007). Inorganic nitrogen availability after severe stand-replacing fire
in the Greater Yellowstone ecosystem. Proceedings of the National Academy
of Sciences of the USA, 104, 4782-9.

Food and Agriculture Organization of the United Nations. (2006). FAO forestry
paper (FaAOotU). Rome, Italy: FAO.

Potapov, P., Hansen, M. C., Stehman, S. V., Loveland, T. R., and Pittman, K.
(2008). Combining MODIS and Landsat imagery to estimate and map boreal
forest cover loss. Remote Sensing of Environment, 112, 3708-19.

Amiro, B. D., Stocks, B. J., Alexander, M. E., Flannigan, M. D., and Wotton, B.
M. (2001). Fire, climate change, carbon and fuel management in the Canadian
boreal forest. International Journal of Wildland Fire, 10, 405-13.

Conard, S. G., Sukhinin, A. I., Stocks, B. J., Cahoon, D. R., Davidenko, E. P.,
and Ivanova, G. A. (2002). Determining effects of area burned and fire severity
on carbon cycling and emissions in Siberia. Climatic Change, 55, 197-211.
de Mendonca, M. J. C., Diaz, M. D. V., Nepstad, D., da Motta, R. S., Alencar,
A., Gomes, J. C., et al. (2004). The economic cost of the use of fire in the
Amazon. Ecological Economics, 49, 89—105.

Houghton, R. A. (2000). Interannual variability in the global carbon cycle.
Journal of Geophysical Research—Atmospheres, 105(D15), 20121-30.

Page, S. E., Siegert, F., Rieley, J. O., Boehm, H. D. V., Jaya, A., and Limin, S.
(2002). The amount of carbon released from peat and forest fires in Indonesia
during 1997. Nature, 420(6911), 61-5.

van der Werf, G. R., Randerson, J. T., Giglio, L., Collatz, G. J., Mu, M., Kasib-
hatla, P. S., et al. (2010). Global fire emissions and the contribution of defor-
estation, savanna, forest, agricultural, and peat fires (1997-2009). Atmospheric
Chemistry and Physics, 10, 11707-35.

Sukhinin, A. I., McRae, D. J., Stocks, B. J., Conard, S. G., Hao, W., Soja, A.
J., et al. (2010). Abstract #GC33A-0931 2010. Paper presented at the American
Geophysical Union Fall Meeting 2010, San Francisco, CA..

Edwards, D. P., Emmons, L. K., Gille, J. C., Chu, A., Attie, J. L., Giglio, L.,
et al. (2006). Satellite-observed pollution from Southern Hemisphere biomass
burning. Journal of Geophysical Research—Atmospheres, 111(D14).

Andreae, M. O., and Merlet, P. (2001). Emission of trace gases and aerosols
from biomass burning. Global Biogeochemical Cycles, 15, 955-60.

Clarisse, L., Clerbaux, C., Dentener, F., Hurtmans, D., and Coheur, P. F. (2009).
Global ammonia distribution derived from infrared satellite observations. Nea-
ture Geoscience, 2, 479-83.

Crutzen, P. J., and Andreae, M. O. (1990). Biomass bunring in the tropics: Im-
pact on Atmospheric chemistry and biogeochemical cycles. Science, 250(4988),
1669-78.

Ito, A., and Penner, J. E. (2005). Historical emissions of carbonaceous aerosols
from biomass and fossil fuel burning for the period 1870-2000. Global Biogeo-
chemical Cycles, 19(2), GB2028.



BEST_A_604248

bestxml-als-v1.cls October 26, 2012 14:19

[23]

(24]

[25]

[26]

[27]

[28]

[29]

(301

(311

(32]

(33]

(34]

(35]

(36]

Biomass Burning Impacts in a Changing Climate 33

Pfister, G., Hess, P. G., Emmons, L. K., Lamarque, J. F., Wiedinmyer, C.,
Edwards, D. P., et al. (2005). Quantifying CO emissions from the 2004 Alaskan
wildfires using MOPITT CO data. Geophysical Research Letters, 32(11).
Ruddiman, W. F. (2003). The anthropogenic greenhouse era began thousands
of years ago. Climatic Change, 61, 261-93.

Altman, J. (2009). Manwurrk (fire drive) at Namilewohwo: A land-management,
hunting and ceremonial event in western Arnhem Land. In J. Russell-Smith,
P. Whitehead, and P. Cooke (Eds.), Culture, ecology and economy of fire
management in North Australian savannas: Rekindling the Wurrk tradition
(pp. 165-80). Collingwood, Australia: CSIRO Press.

Levine, J. S., Cofer, W. R., Cahoon, D. R., and Winstead, E. L. (1995). Biomass
burning: A driver for global change. Environmental Science & Technology. 29,
A120-5.

Kloster, S., Mahowald, N. M., Randerson, J. T., Thornton, P. E., Hoffman,
F. M., Levis, S., et al. (2010). Fire dynamics during the 20th century simulated
by the Community Land Model. Biogeosciences Discussions, 7, 565—630.
Jonquieres, 1., Marenco, A., Maalej, A., and Rohrer, F. (1998). Study of ozone
formation and transatlantic transport from biomass burning emissions over
West Africa during the airborne Tropospheric Ozone Campaigns TROPOZ
I and TROPOZ, 1. 1. journal of Geophysical Research—Atmospheres, 103,
19059-73.

Watson, C. E., Fishman, J., and Reichle, H. G. (1990). The significance
of biomass burning as a source of carbon monoxide and oxone in the
southern hemisphere tropics: A satellite analysis. journal of Geophysical
Research—Atmospheres, 95, 16443-50.

Wotawa, G., and Trainer, M. (2000). The influence of Canadian forest fires on
pollutant concentrations in the United States. Science, 288, 324-8.

Lezina, E. (2010). Paper presented at the 15th EIONET Air Quality Manage-
ment and Assessment Workshop 2010, Umweltbundesamt, Dessau, Germany,
October 14-15.

Browell, E. V., Fenn, M. A., Butler, C. F., Grant, W. B., Clayton, M. B., Fishman,
J., et al. (1996). Ozone and aerosol distributions and air mass characteristics
over the South Atlantic Basin during the burning season. Journal of Geophysical
Research—Atmospheres, 101, 24043-68.

Jacob, D. J., Heikes, B. G., Fan, S. M., Logan, J. A., Mauzerall, D. L., Bradshaw,
J. D, et al. (1996). Origin of ozone and NOX in the tropical troposphere: A
photochemical analysis of aircraft observations over the South Atlantic basin.
Journal of Geophysical Research—Atmospheres, 101, 24235-50.

Moxim, W. J., and Levy, H. (2000). A model analysis of the tropical South
Atlantic Ocean tropospheric ozone maximum: The interaction of transport
and chemistry. Journal of Geophysical Research—Atmospheres, 105, 17393-415.
Forster, C., Wandinger, U., Wotawa, G., James, P., Mattis, 1., Althausen, D.,
et al. (2001). Transport of boreal forest fire emissions from Canada to Europe.
Journal of Geophysical Research—Atmospheres, 106, 22887-900.

Damoah, R., Spichtinger, N., Forster, C., James, P., Mattis, I., Wandinger, U.,
et al. (2004). Around the world in 17 days: Hemispheric-scale transport of forest
fire smoke from Russia in May 2003. Atmospheric Chemistry and Physics, 4,
1311-21.

1120

1125

1130

1135

1140

1145

1150

1155

1160

1165

Q18



BEST_A_604248

1170

1175

1180

1185

1190

1195

1200

1205

1210
Q19

bestxml-als-v1.cls October 26, 2012 14:19

34

(371

(38]

(391

(401

[41]

[42]

[43]

[44]

[45]

[40]

[47]

(48]

[49]

Keywood et al.

Edwards, D. P., Emmons, L. K., Hauglustaine, D. A., Chu, D. A, Gille, J. C,,
Kaufman, Y. J., et al. (2004). Observations of carbon monoxide and aerosols
from the Terra satellite: Northern Hemisphere variability. Journal of Geophysi-
cal Research—Atmospheres, 109.

Dirksen, R. J., Boersma, K. F., de Laat, J., Stammes, P., van der Werf, G. R,,
Martin, M. V., et al. (2009). An aerosol boomerang: Rapid around-the-world
transport of smoke from the December 2006 Australian forest fires observed
from space. Journal of Geophysical Research—Atmospheres, 114.

Johnson, B. T., Heese, B., McFarlane, S. A., Chazette, P., Jones, A., and
Bellouin, N. (2008). Vertical distribution and radiative effects of mineral dust
and biomass burning aerosol over West Africa during DABEX. Journal of Geo-
Dphysical Research—Atmospheres, 113.

Chatfield, R. B., and Delany, A. C. (1990). Convection links biomass burning
to increased tropical ozone — However, models will tend to overpredict Os.
Journal of Geophysical Research—Atmospheres, 95, 18473-88.

Chatfield, R. B., Guan, H., Thompson, A. M., and Witte, J. C. (2004). Convective
lofting links Indian Ocean air pollution to paradoxical South Atlantic ozone
maxima. Geophysical Research Letters, 31.

Pickering, K. E., Thompson, A. M., Wang, Y. S., Tao, W. K., McNamara, D. P.,
Kirchhoff, V., et al. (1996). Convective transport of biomass burning emissions
over Brazil during TRACE A. Journal of Geophysical Research—Atmospheres,
101, 23993-4012.

Fromm, M., Alfred, J., Hoppel, K., Hornstein, J., Bevilacqua, R., Shettle, E.,
et al. (2000). Observations of boreal forest fire smoke in the stratosphere by
POAM 11, SAGE, L. L, and lidar in 1998. Geophysical Research Letters, 27,
1407-10.

Stohl, A., Andrews, E., Burkhart, J. F., Forster, C., Herber, A., Hoch, S. W., et al.
(2006). Pan-Arctic enhancements of light absorbing aerosol concentrations
due to North American boreal forest fires during summer 2004. journal of
Geopbhysical Research—Atmospheres, 111.

Stohl, A., Berg, T., Burkhart, J. F., Fjaeraa, A. M., Forster, C., Herber, A.,
et al. (2007). Arctic smoke: Record high air pollution levels in the European
Arctic due to agricultural fires in Eastern Europe in spring 2006. Atmospheric
Chemistry and Physics, 7, 511-34.

Warneke, C., Froyd, K. D., Brioude, J., Bahreini, R., Brock, C. A., Cozic, J., et al.
(2010). An important contribution to springtime Arctic aerosol from biomass
burning in Russia. Geophsyical Research Letters, 37.

Hansen, J., and Nazarenko, L. (2004). Soot climate forcing via snow and ice
albedos. Proceedings of the National Academy of Sciences of the USA, 101,
423-8.

Quinn, P. K., Bates, T. S., Baum, E., Doubleday, N., Fiore, A. M., Flanner,
M., et al. (2008). Short-lived pollutants in the Arctic: Their climate impact and
possible mitigation strategies. Atmospheric Chemistry and Physics, 8, 1723-35.
Bonsang, B., Kanakidou, M., and Boissard, C. (1994). In J. van Ham (Ed.),
Nongreenhouse gases (pp. 261-70). Amsterdam, the Netherlands: Kluwer Aca-
demic. .



BEST_A_604248

bestxml-als-v1.cls October 26, 2012 14:19

(501

(511

(52]

(53]

(54]

(551

(56]

(571

(58]
(591

[60]

[61]

[62]

(63]

[64]

Biomass Burning Impacts in a Changing Climate 35

Granier, C., Muller, J.-F., and Brasseur, G. (2006). In J. L. Innes, M. Beniston,
and M. M. Verstraete (Eds.), Biomass burning and its inter-relationships with
the climate system (pp. 69-85). Amsterdam, the Netherlands: Kluwer Academic.
Mari, C. H., Cailley, G., Corre, L., Saunois, M., Attie, J. L., Thouret, V., et al.
(2008). Tracing biomass burning plumes from the Southern Hemisphere during
the AMMA 2006 wet season experiment. Atmospheric Chemistry and Physics,
8, 3951-61.

Lelieveld, J., van Aardenne, J., Fischer, H., de Reus, M., Williams, J., and
Winkler, P. (2004). Increasing ozone over the Atlantic Ocean. Science,
304(5676), 1483—7.

Reeves, C. E., Formenti, P., Afif, C., Ancellet, G., Attie, J.-L, Bechara, J., et al.
(2010). Chemical and aerosol characterisation of the troposphere over West
Africa during the monsoon period as part of AMMA. Atmospheric Chemistry
and Physics Discussions, 10, 7115-83.

Thompson, A. M., Witte, J. C., Hudson, R. D., Guo, H., Herman, J. R., and
Fujiwara, M. (2001). Tropical tropospheric ozone and biomass burning. Sci-
ence, 291(5511), 2128-32.

Monks, P. S., Granier, C., Fuzzi, S., Stohl, A., Williams, M. L., Akimoto, H.,
et al. (2009). Atmospheric composition change: Global and regional air quality.
Atmospheric Environment, 43, 5268-350.

Yan, B., Zheng, M., Hu, Y. T., Lee, S., Kim, H. K., and Russell, A. G. (2008).
Organic composition of carbonaceous aerosols in an aged prescribed fire
plume. Atmospheric Chemistry and Physics, 8, 6381-94.

Lary, D. J., Shallcross, D. E., and Toumi, R. (1999). Carbonaceous aerosols
and their potential role in atmospheric chemistry. journal of Geophysical
Research—Atmospheres, 104, 15929—40.

Cicerone, R. J. (1994). Fires, atmpspheric chemistry and the ozone-layer. Sci-
ence, 263(5151), 12434,

Mano, S., and Andreae, M. O. (1994). Emissions of methyl-bromide from
biomass burning. Science, 263(5151), 1255-7.

Simpson, I. J., Rowland, F. S., Meinardi, S., and Blake, D. R. (2000). Influence
of biomass burning during recent fluctuations in the slow growth of global
tropospheric methane. Geopbsyical Research Letters, 33(22).

Prinn, R. G., Huang, J., Weiss, R. F., Cunnold, D. M., Fraser, P. J., Simmonds,
P. G., et al. (2005). Evidence for variability of atmospheric hydroxyl radicals
over the past quarter century. Geophsyical Research Letters, 32(7).

van der Werf, G. R., Randerson, J. T., Collatz, G. J., Giglio, L., Kasibhatla, P. S.,
Arellano, A. F., et al. (2004). Continental-scale partitioning of fire emissions
during the 1997 to 2001 El Nino/La Nina period. Science, 303(5654), 73-0.
Trentmann, J., Yokelson, R. J., Hobbs, P. V., Winterrath, T., Christian, T. J.,
Andreae, M. O., et al. (2005). An analysis of the chemical processes
in the smoke plume from a savanna fire. Journal of Geophysical
Research—Atmospberes, 110(D12).

Pfister, G. G., Hess, P. G., Emmons, L. K., Rasch, P. J., and Vitt, F. M. (2008).
Impact of the summer 2004 Alaska fires on top of the atmosphere clear-sky
radiation fluxes. Journal of Geophysical Research—Atmospheres, 113(D2).

1215

1220

1225

1230

1235

1240

1245

1250

1255

Q20



BEST_A_604248

1260

1265

1270

1275

1280

1285

1290

1295

1300

bestxml-als-v1.cls October 26, 2012 14:19

36

[65]

[66]

[67]

[68]

[69]

(70l

(711

(72]

(73]

(74]

(751

[76]

(771

Keywood et al.

Andreae, M. O., Rosenfeld, D., Artaxo, P., Costa, A. A., Frank, G. P., Longo,
K. M., et al. (2004). Smoking rain clouds over the Amazon. Science, 303(5662),
1337-42.

Koren, 1., Kaufman, Y. J., Remer, L. A., and Martins, J. V. (2004). Measurement
of the effect of Amazon smoke on inhibition of cloud formation. Science,
303(5602), 1342-5.

Spracklen, D. V., Bonn, B., and Carslaw, K. S. (2008). Boreal forests, aerosols
and the impacts on clouds and climate. Philosophical Transactions of the
Royal Society A-Mathematical Physical and Engineering Sciences, 366(1885),
4613-26.

Cammas, J. P., Brioude, J., Chaboureau, J. P., Duron, J., Mari, C., Mascart, P.,
et al. (2009). Injection in the lower stratosphere of biomass fire emissions fol-
lowed by long-range transport: A MOZAIC case study. Atmospheric Chemistry
and Physics, 9, 5829-46.

Nedelec, P., Thouret, V., Brioude, J., Sauvage, B., Cammas, J. P., and Stohl, A.
(2005). Extreme CO concentrations in the upper troposphere over northeast
Asia in June 2003 from the in situ MOZAIC aircraft data. Geophsyical Research
Letters, 32(14).

Fromm, M., Tupper, A., Rosenfeld, D., Servranckx, R., and McRae, R. (2006).
Violent pyro-convective storm devastates Australia’s capital and pollutes the
stratosphere. Geophsyical Research Letters, 33(5).

Fromm, M., Shettle, E. P., Fricke, K. H., Ritter, C., Trickl, T., Giehl, H., et al.
(2008). Stratospheric impact of the Chisholm pyrocumulonimbus eruption:
2. Vertical profile perspective. Journal of Geophysical Research—Atmospheres,
113(D8).

Jost, H. J., Drdla, K., Stohl, A., Pfister, L., Loewenstein, M., Lopez, J. P., et al.
(2004). In-situ observations of mid-latitude forest fire plumes deep in the
stratosphere. Geophsyical Research Letters, 31(11).

Turquety, S., Hurtmans, D., Hadji-Lazaro, J., Coheur, P. F., Clerbaux, C., Josset,
D., et al. (2009). Tracking the emission and transport of pollution from wild-
fires using the TASI CO retrievals: Analysis of the summer 2007 Greek fires.
Atmospheric Chemistry and Physics, 9, 4897-913.

Trentmann, J., Luderer, G., Winterrath, T., Fromm, M. D., Servranckx, R., Tex-
tor, C., et al. (2006). Modeling of biomass smoke injection into the lower
stratosphere by a large forest fire (Part 1): Reference simulation. Atmospheric
Chemistry and Physics, 6, 5247-60.

Luderer, G., Trentmann, J., Hungershofer, K., Herzog, M., Fromm, M., and
Andreae, M. O. (2007). Small-scale mixing processes enhancing troposphere-
to-stratosphere transport by pyro-cumulonimbus storms. Atmospheric Chem-
istry and Physics, 7, 5945-57.

Dentener, F., Kinne, S., Bond, T., Boucher, O., Cofala, J., Generoso, S., et al.
(2006). Emissions of primary aerosol and precursor gases in the years 2000 and
1750 prescribed data-sets for AeroCom. Atmospheric Chemistry and Physics, 6,
4321-44.

Fishman, J., Hoell, J. M., Bendura, R. D., McNeil, R. J., and Kirchhoff, V.
(1996). NASA GTE TRACE A experiment (September October 1992): Overview.
Journal of Geophysical Research—Atmospheres, 101, 23865-79.



BEST_A_604248

bestxml-als-v1.cls October 26, 2012 14:19

(78]

(791

[80]

(81]

[82]

(83]
(84]

(83]

[86]

(871

(88]

[89]

[90]

Biomass Burning Impacts in a Changing Climate 37

Andreae, M. O., Fishman, J., and Lindesay, J. (1996). The Southern
Tropical Atlantic Region Experiment (STARE): Transport and Atmospheric
Chemistry near the Equator-Atlantic (TRACE A) and Southern African
Fire-Atmosphere Research Initiative (SAFARD: An introduction. jJournal of
Geophysical Research—Atmospheres, 101, 23519-20.

Thompson, A. M., Pickering, K. E., McNamara, D. P., Schoeberl, M. R,
Hudson, R. D., Kim, J. H,, et al. (1996). Where did tropospheric ozone over
southern Africa and the tropical Atlantic come from in October 1992? In-
sights from TOMS, GTE TRACE, A., and SAFARI 1992. Journal of Geophysical
Research—Atmospberes, 101, 24251-78.

Swap, R. J., Annegarn, H. J., Suttles, J. T., King, M. D., Platnick, S,
Privette, J. L., et al. (2003). Africa burning: A thematic analysis of the South-
ern African Regional Science Initiative (SAFARI 2000). Journal of Geophysical
Research—Atmospheres, 108(D13).

King, M. D., Platnick, S., Moeller, C. C., Revercomb, H. E., and Chu, D. A.
(2003). Remote sensing of smoke, land, and clouds from the NASA ER-2 during
SAFARI 2000. Journal of Geophysical Research—Atmospheres, 108(D13).

van der Werf, G. R., Randerson, J. T., Giglio, L., Collatz, G. J., Kasibhatla, P. S,
and Arellano, A. F. (2000). Interannual variability in global biomass burning
emissions from 1997 to 2004. Atmospheric Chemistry and Physics, 6, 3423—41.
Newsletter, 1. (2007). IGACtivities Newsletter

Langmann, B., Duncan, B., Textor, C., Trentmann, J., and van der Werf, G. R.
(2009). Vegetation fire emissions and their impact on air pollution and climate.
Atmospheric Environment, 43, 107-16.

Hoelzemann, J. J., Schultz, M. G., Brasseur, G. P., Granier, C., and Simon, M.
(2004). Global Wildland Fire Emission Model (GWEM): Evaluating the use of
global area burnt satellite data. Journal of Geophysical Research—Atmospberes,
109(D14).

Tansey, K., Gregoire, J. M., Defourny, P., Leigh, R., Pekel, J. F. O., van Bogaert,
E., et al. (2008). A new, global, multi-annual (2000-2007) burnt area product
at 1 km resolution. Geophsyical Research Letters, 35(1).

Roy, D. P., and Boschetti, L. (2009). Southern Africa Validation of the MODIS,
L3JRC, and GlobCarbon Burned-Area Products. IEEE Transactions on Geo-
science and Remote Sensing, 47, 1032—44.

Roberts, G., Wooster, M. J., and Lagoudakis, E. (2009). Annual and diurnal
african biomass burning temporal dynamics. Biogeosciences, 6, 849-60.

Werf GRvd, Randerson, J. T., Collatz, G. J., and Giglio, L. (2003). Carbon
emissions from fires in tropical and subtropical ecosystems. Global Change
Biology, 9, 547-62.

Ito, A., and Penner, J. E. (2004). Global estimates of biomass burning emis-
sions based on satellite imagery for the year 2000. Journal of Geophysical
Research—Atmospberes, 109(D14).

[91] Jain, A. K., Tao, Z. N., Yang, X. J., and Gillespie, C. (2006). Estimates of global

(92]

biomass burning emissions for reactive greenhouse gases (CO, NMHCs, and
NOx) and CO2. Journal of Geophysical Research—Atmospheres, 111(D0).

Kasischke, E. S., and Turetsky, M. R. (2006). Recent changes in the fire regime
across the North American boreal region-Spatial and temporal patterns of

1305

1310

1315

1320

1325

1330

1335

1340

1345

1350

Q21



BEST_A_604248

1355

1360

1365

1370

Q22

1375

1380

1385

1390

1395

bestxml-als-v1.cls October 26, 2012 14:19

38

(93]

[94]

(95]

[96]

(971

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

Keywood et al.

burning across Canada and Alaska (vol 33, art no L09703, 2000). Geophsyi-
cal Research Letters, 33(13).

Korontzi, S., Ward, D. E., Susott, R. A., Yokelson, R. J., Justice, C. O., Hobbs,
P. V., et al. (2003). Seasonal variation and ecosystem dependence of emission
factors for selected trace gases and PM2.5 for southern African savanna fires.
Journal of Geophysical Research—Atmospheres, 108(D24).

Korontzi, S., Roy, D. P., Justice, C. O., and Ward, D. E. (2004). Modeling and
sensitivity analysis of fire emissions in southern Africa during SAFARI 2000.
Remote Sensing of Environment, 92, 255-75.

Luhar, A. K., Mitchell, R. M., Meyer, C. P., Qin, Y., Campbell, S., Gras, J. L.,
et al. (2008). Biomass burning emissions over northern Australia constrained
by aerosol measurements: II-Model validation, and impacts on air quality and
radiative forcing. Atmospheric Environment, 42, 1647-64.

Meyer, C. P., Luhar, A. K., and Mitchell, R. M. (2008). Biomass burning
emissions over northern Australia constrained by aerosol measurements:
I-Modelling the distribution of hourly emissions. Atmospheric Environment,
42, 1629-40.

DCC. (2009). An acronym and year are not sufficient—there should be a
title, publisher, and full (spelled out) organization or author name at the very
least.

Arellano, A. F., Kasibhatla, P. S., Giglio, L., van der Werf, G. R., and Randerson,
J. T. (2004). Top-down estimates of global CO sources using MOPITT mea-
surements. Geophsyical Research Letters, 31(1).

Petron, G., Granier, C., Khattatov, B., Yudin, V., Lamarque, J. F., Emmons, L.,
et al. (2004). Monthly CO surface sources inventory based on the 2000-2001
MOPITT satellite data. Geophsyical Research Letters, 31(21).

Wooster, M. J., Roberts, G., Perry, G. L. W., and Kaufman, Y. J. (2005).
Retrieval of biomass combustion rates and totals from fire radiative power
observations: FRP derivation and calibration relationships between biomass
consumption and fire radiative energy release. Journal of Geophysical
Research—Atmospheres, 110(D24).

Giglio, L., Csiszar, 1., and Justice, C. O. (2000). Global distribution and sea-
sonality of active fires as observed with the Terra and Aqua Moderate Res-
olution Imaging Spectroradiometer (MODIS) sensors. Journal of Geophysical
Research—Biogeosciences, 111(G2).

Schultz, M. G. (2002). On the use of ATSR fire count data to estimate the
seasonal and interannual variability of vegetation fire emissions. Atmospheric
Chemistry and Physics, 2, 387-95.

Schultz, M. G., Heil, A., Hoelzemann, J. J., Spessa, A., Thonicke, K.,
Goldammer, J. G., et al. (2008). Global wildland fire emissions from 1960
to 2000. Global Biogeochemical Cycles, 22, GB2002.

Sofiev, M., Vankevich, R., Lotjonen, M., Prank, M., Petukhov, V., Ermakova, T,
et al. (2009). An operational system for the assimilation of the satellite informa-
tion on wild-land fires for the needs of air quality modelling and forecasting.
Atmospheric Chemistry and Physics, 9, 6833—47.

Arora, V. K., and Boer, G. J. (2005). Fire as an interactive component of
dynamic vegetation models. Journal of Geophysical Research—Biogeosciences,
110(G2).



BEST_A_604248

bestxml-als-v1.cls October 26, 2012 14:19

[100]

(1071

(108]

[109]

(110]

(111]

(112]

[113]

(114]

[115]

[116]

(1171

(118]

(119]

[120]

(121]

Biomass Burning Impacts in a Changing Climate 39

Venevsky, S., Thonicke, K., Sitch, S., and Cramer, W. (2002). Simulating fire
regimes in human-dominated ecosystems: Iberian Peninsula case study. Global
Change Biology, 8, 984-98.

Groisman, P. Y., Sherstyukov, B. G., Razuvaev, V. N., Knight, R. W., Enloe,
J. G., Stroumentova, N. S.; et al. (2007). Potential forest fire danger over North-
ern Eurasia: Changes during the 20th century. Global and Planetary Change,
56, 371-86.

Pechony, O., and Shindell, D. T. (2009). Fire parameterization on a global
scale. Journal of Geophysical Research—Atmospheres, 114.

Thornton, P. E., Doney, S. C., Lindsay, K., Moore, J. K., Mahowald, N.,
Randerson, J. T., et al. (2009). Carbon-nitrogen interactions regulate climate-
carbon cycle feedbacks: Results from an atmosphere-ocean general circulation
model. Biogeosciences, 6, 2099-120.

Bowman, D., Balch, J. K., Artaxo, P., Bond, W. J., Carlson, J. M., Cochrane,
M. A., et al. (2009). Fire in the Earth System. Science, 324(5926), 481-4.
Balzter, H., Gerard, F. F., George, C. T., Rowland, C. S., Jupp, T. E., McCallum,
L., et al. (2005). Impact of the Arctic Oscillation pattern on interannual forest
fire variability in Central Siberia. Geophsyical Research Letters, 32(14).

Field, R. D., van der Werf, G. R., and Shen, S. S. P. (2009). Human amplifi-
cation of drought-induced biomass burning in Indonesia since 1960. Nature
Geoscience, 2, 185-8.

Guyette, R. P., Spetich, M. A., and Stambaugh, M. C. (2000). Historic fire regime
dynamics and forcing factors in the Boston Mountains, Arkansas, USA. Forest
Ecology and Management, 234, 293-304.

Duffy, P. A., Walsh, J. E., Graham, J. M., Mann, D. H., and Rupp, T. S. (2005).
Impacts of large-scale atmospheric-ocean variability on Alaskan fire season
severity. Ecological Applications, 15, 1317-30.

van der Werf, G. R., Dempewolf, J., Trigg, S. N., Randerson, J. T., Kasibhatla,
P. S., Gigliof, L., et al. (2008). Climate regulation of fire emissions and defor-
estation in equatorial Asia. Proceedings of the National Academy of Sciences of
the USA, 105, 20350-5.

Spichtinger, N., Damoah, R., Eckhardt, S., Forster, C., James, P., Beirle, S., et al.
(2004). Boreal forest fires in 1997 and 1998: A seasonal comparison using
transport model simulations and measurement data. Atmospheric Chemistry
and Physics, 4, 1857-68.

Jones, C. D., and Cox, P. M. (2005). On the significance of atmospheric CO2
growth rate anomalies in 2002-2003. Geopbsyical Research Letters, 32(14).
Schaefer, K., Zhang, T. J., Bruhwiler, L., and Barrett, A. P. (2011). Amount and
timing of permafrost carbon release in response to climate warming. 7ellus
Series B-Chemical and Physical Meteorology, 63, 165-80.

Hu, F. S., Higuera, P. E., Walsh, J. E., Chapman, W. L., Duffy, P. A., Brubaker,
L. B,, et al. (2010). Tundra burning in Alaska: Linkages to climatic change and
sea ice retreat. Journal of Geophysical Research—Biogeosciences, 115.
Guilyardi, E. (2006). El Nino-mean state-seasonal cycle interactions in a multi-
model ensemble. Climate Dynamics, 26, 329-48.

Lenton, T. M., Held, H., Kriegler, E., Hall, J. W., Lucht, W., Rahmstorf, S,
et al. (2008). Tipping elements in the Earth’s climate system. Proceedings of
the National Academy of Sciences of the USA, 105, 1786-93.

1400

1405

1410

1415

1420

1425

1430

1435

1440

1445



BEST_A_604248

1450

1455

1460

1465

1470

1475

1480

1485

1490

bestxml-als-v1.cls October 26, 2012 14:19

40

[122]

[123]

[124]

[125]

[126]

(127]

[128]

[129]

(1301

(1311
[132]

(133]

[134]

[135]

[136]

[137]

Keywood et al.

Running, S. W. (2000). Is global warming causing more, larger wildfires? Sci-
ence, 313(5789), 927-8.

Westerling, A. L., Hidalgo, H. G., Cayan, D. R., and Swetnam, T. W. (2006).
Warming and earlier spring increase western US forest wildfire activity. Science,
313(5789), 940-3.

Flannigan, M. D., Logan, K. A., Amiro, B. D., Skinner, W. R., and Stocks, B. J.
(2005). Future area burned in Canada. Climatic Change, 72, 1-16.

Flannigan, M. D., Krawchuk, M. A., de Groot, W. J., Wotton, B. M., and
Gowman, L. M. (2009). Implications of changing climate for global wildland
fire. International Journal of Wildland Fire, 18, 483-507.

Balshi, M. S., McGuire, A. D., Duffy, P., Flannigan, M., Walsh, J., and Melillo, J.
(2009). Assessing the response of area burned to changing climate in western
boreal North America using a Multivariate Adaptive Regression Splines (MARS)
approach. Global Change Biology, 15, 578-600.

Wotton, B. M., Nock, C. A., and Flannigan, M. D. (2010). Forest fire occurrence
and climate change in Canada. International Journal of Wildland Fire, 19,
253-71.

Pitman, A. J., Narisma, G. T., and McAneney, J. (2007). The impact of climate
change on the risk of forest and grassland fires in Australia. Climatic Change,
84, 383-401.

Flannigan, M. D., Bergeron, Y., Engelmark, O., and Wotton, B. M. (1998).
Future wildfire in circumboreal forests in relation to global warming. Journal
of Vegetation Science, 9, 469-76.

Flannigan, M. D., and Vanwagner, C. E. (1991). Climate change and wild-
fire in Canada. Canadian Journal of Forest Research—Revue Canadienne De
Recherche Forestiere, 21, 66-72.

Flannigan, M. D., Stocks, B. J., and Wotton, B. M. (2000). Climate change and
forest fires. Science of the Total Environment, 262, 221-9.

Wotton, B. M., and Flannigan, M. D. (1993). Length of the fire season in a
changing climate. Forestry Chronicle, 69, 187-92.

Stocks, B. J., Fosberg, M. A., Lynham, T. J., Mearns, L., Wotton, B. M., Yang, Q.,
et al. (1998). Climate change and forest fire potential in Russian and Canadian
boreal forests. Climatic Change, 38, 1-13.

Tchebakova, N. M., Parfenova, E., and Soja, A. J. (2009). The effects of climate,
permafrost and fire on vegetation change in Siberia in a changing climate.
Environmental Research Letters, 4, 045013.

Cox, P. M., Betts, R. A., Collins, M., Harris, P. P., Huntingford, C., and Jones,
C. D. (2004). Amazon forest dieback under climate-carbon cycle projections
for the 21st century. Theoretical and Applied Climatology, 78, 137-56.
Flannigan, M., Campbell, I., Wotton, M., Carcaillet, C., Richard, P., and
Bergeron, Y. (2001). Future fire in Canada’s boreal forest: paleoecology results
and general circulation model: Regional climate model simulations. Canadian
Journal of Forest Research—Revue Canadienne De Recherche Forvestiere, 31,
854-064.

Cardoso, M. F., Hurtt, G. C., Moore, B., Nobre, C. A., and Prins, E. M. (2003).
Projecting future fire activity in Amazonia. Global Change Biology, 9, 656—09.



BEST_A_604248

bestxml-als-v1.cls October 26, 2012 14:19

[138]
[139]

[140]

[141]

[142]

[143]

[144]

[145]

[140]

(1471

[148]

(149]

[150]

(1511

[152]

(153]

[154]

Biomass Burning Impacts in a Changing Climate 41

Weber, M. G., and Stocks, B. J. (1998). Forest fires and sustainability in the
boreal forests of Canada. Ambio, 27, 545-50.

Price, C., and Rind, D. (1994). Modelling global lightning distribution in a
general-circulation model. Monthly Weather Review, 122, 1930-9.

Krawchuk, M. A., Cumming, S. G., and Flannigan, M. D. (2009). Predicted
changes in fire weather suggest increases in lightning fire initiation and future
area burned in the mixedwood boreal forest. Climatic Change, 92, 83-97.
Spracklen, D. V., Mickley, L. J., Logan, J. A., Hudman, R. C., Yevich, R., Flan-
nigan, M. D., et al. (2009). Impacts of climate change from 2000 to 2050
on wildfire activity and carbonaceous aerosol concentrations in the western
United States. Journal of Geophysical Research—Atmospheres, 114.

Littell, J. S., McKenzie, D., Peterson, D. L., and Westerling, A. L. (2009). Climate
and wildfire area burned in western U.S. ecoprovinces, 1916-2003. Ecological
Applications, 19, 1003-21.

Malm, W. C., Schichtel, B. A., Pitchford, M. L., Ashbaugh, L. L., and Eldred,
R. A. (2004). Spatial and monthly trends in speciated fine particle concentration
in the United States. Journal of Geophysical Research—Atmospheres, 109(D3).
Amiro, B. D., Cantin, A., Flannigan, M. D., and de Groot, W. J. (2009). Fu-
ture emissions from Canadian boreal forest fires. Canadian Journal of Forest
Research, 39, 383-95.

Esper, J., and Schweingruber, F. H. (2004). Large-scale treeline changes
recorded in Siberia. Geophsyical Research Letters, 31(6).

Covington, W. W. (2000). Commentary. Nature, 408, 135-0.

Bridge, S. R. J., Miyanishi, K., and Johnson, E. A. (2005). A critical evaluation
of fire suppression effects in the boreal forest of Ontario. Forest Science, 51,
41-50.

Johnson, E. A., Miyanishi, K., Bridge, S. R. J. (2001). Wildfire regime in the
boreal forest and the idea of suppression and fuel buildup. Conservation
Biology, 15, 1554—7.

Wagle, R. F., and Eakle, T. W. (1979). Controlled burn reduces the impact of
a subsequent wildfire in a Ponderosa Pine vegetation type. Forest Science, 25,
123-9.

Pollet, J., and Omi, P. N. (2002). Effect of thinning and prescribed burning
on crown fire severity in ponderosa pine forests. International Journal of
Wildland Fire, 11, 1-10.

Weatherspoon, C. P., and Skinner, C. N. (1995). An assessment of the factors
associated with damage to tree crowns from the 1987 wildfires in Northern
California. Forest Science, 41, 430-51.

Stephens, S. L. (1998). Evaluation of the effects of silvicultural and fuels treat-
ments on potential fire behaviour in Sierra Nevada mixed-conifer forests. Forest
Ecology and Management, 105, 21-35.

Franklin, J. (1998). Predicting the distribution of shrub species in southern
California from climate and terrain-derived variables. Journal of Vegetation
Science, 9, 733-48.

Boer, M. M., Sadler, R. J., Wittkuhn, R. S., McCaw, L., and Grierson, P. F. (2009).
Long-term impacts of prescribed burning on regional extent and incidence of

1495

1500

1505

1510

1515

1520

1525

1530

1535



BEST_A_604248

1540

1545

1550

1555

1560

1565

1570

1575

1580

1585

bestxml-als-v1.cls October 26, 2012 14:19

42

(155]

[150]

(1571

[158]

(159]
[160]

[161]

[162]

[163]

[164]

[165]

[166]

Keywood et al.

wildfires-Evidence from 50 years of active fire management in SW Australian
forests. Forest Ecology and Management, 259, 132-42.

Pinol, J., Beven, K., and Viegas, D. (2005). Modelling the effect of fire-exclusion
and prescribed fire on wildfire size in Mediterranean ecosystems. Ecological
Modelling, 183, 397-409.

Wiedinmyer, C., and Hurteau, M. D. (2010). Prescribed fire as a means of
reducing forest carbon emissions in the Western United States. Environmental
Science & Technology, 44, 1926-32.

Keeley, J. E., Fotheringham, C. J., and Morais, M. (1999). Reexamining fire
suppression impacts on brushland fire regimes. Science, 284(5421), 1829-32.
Fernandes, P. M., and Botelho, H. S. (2003). A review of prescribed burning
effectiveness in fire hazard reduction. International Journal of Wildland Fire,
12, 117-28.

Strauss, D., Bednar, L., and Mees, R. (1989). Do one percent of forest fires
cause 99 percent of the damage? Forest Science, 35, 319-28.

Countryman, C. M. (1974). Moisture in living fuels affects fire behavior. Fire
Management, 35(2), 10-4.

Bradstock, R. A., Gill, A. M., Kenny, B. J., and Scott, J. (1998). Bushfire risk at
the urban interface estimated from historical weather records: consequences
for the use of prescribed fire in the Sydney region of south-eastern Australia.
Journal of Environmental Management, 52, 259-71.

Garde, M., Nadjamerrek, B. L., Kolkkiwarra, M., Kalarriya, J., Djandjomerr, J.,
Birriyabirriya, B., et al. (2009). The language of fire: seasonally, resources and
landscape burning on the Arnhem Land Plateau. In J. Russell-Smith, P. White-
head, and P. Cooke (Eds.), Culture, ecology and economy of fire management
in North Australian savannas: Rekindling the Wurrk tradition (pp. 85-164).
Collingwood, Australia: CSIRO Press.

Russell-Smith, J., Edwards, A. C., Woinarski, J. C. Z., McCartney, J., Kerin, S.,
Winderlich, S., et al. (2009). Fire and biodiversity monitoring for conservation
managers: A 10-year assessment of the ‘Three Parks’ (Kakadu, Litchfield and
Nitmiluk) program. In J. Russell-Smith, P. Whitehead, and P. Cooke (Eds.), Cul-
ture, ecology and economy of fire management in North Australian savannas:
Rekindling the Wurrk tradition (pp. 257-85). Collingwood, Australia: CSIRO
Press.

Whitehead, P. J., Purdon, P., Cooke, P. M., Russell-Smith, J., and Sutton, S.
(2009). The West Arnhem Land Fire Abatement (WALFA) project: The institu-
tional environment and its implications. In J. Russell-Smith, P. Whitehead, and
P. Cooke (Eds.), Culture, ecology and economy of fire management in North
Australian savannas: Rekindling the Wurrk tradition (pp. 287-312). Colling-
wood, Australia: CSIRO Press.

Woinarski, J. C. Z., Russell-Smith, J., Andersen, A. N., and Brennan, K. (2009).
Fire management and biodiversity of the western Arnhem Land Plateau. In
J. Russell-Smith, P. Whitehead, and P. Cooke (Eds.), Culture, ecology and
economy of fire management in North Australian savannas: Rekindling the
Wurrk tradition (pp. 201-27). Collingwood, Australia: CSIRO Press.
Jesinghaus, J. (1999). A European system of environmental pressure indices. In
First volume of the Environmental Pressure Indices Handbook: The Indicators.



BEST_A_604248

bestxml-als-v1.cls October 26, 2012 14:19

(167]

[168]

[169]

(170]

(171]

(172]

(173]

(174]

[175]

(176]

(177]

Biomass Burning Impacts in a Changing Climate 43

Part I Introduction to the political and theoretical background (Report No: TP
361). Luxembourg: European Commission Joint Research Centre Informatics.
Penman, P., Gytarsky, G., Hiraishi, H., Krug, T., Kruger, D., Pipatti, R., et al.
(Eds.). (2003)..

Hennessy, K., Lucas, C., Nicholls, N., Bathols, J., Suppiah, R., and Ricketts, J.
(2005). Consultancy report for the New South Wales Greenbhouse Office, Victo-
rian Dept of Sustainability and Environment, ACT Government, Tasmanian
Department of Primary Industries, Water and Environment and the Australian
Greenbouse Office. Melbourne, Australia: CSIRO Marine and Atmospheric Re-
search and Australian Government Bureau of Meteorology.

Archibald, S., Roy, D. P., van Wilgen, B. W., and Scholes, R. J. (2009). What
limits fire? An examination of drivers of burnt area in Southern Africa. Global
Change Biology, 15, 613-30.

Carmona-Moreno, C., Belward, A., Malingreau, J. P., Hartley, A., Garcia-Alegre,
M., Antonovskiy, M., et al. (2005). Characterizing interannual variations in
global fire calendar using data from Earth observing satellites. Global Change
Biology, 11, 1537-55.

Tansey, K., Gregoire, J. M., Stroppiana, D., Sousa, A., Silva, J., Pereira, J. M. C.,
et al. (2004). Vegetation burning in the year 2000: Global burned area estimates
from SPOT VEGETATION data. Journal of Geophysical Research—Atmospberes,
109(D14).

Simon, M., Plummer, S., Fierens, F., Hoelzemann, J. J., and Arino, O. (2004).
Burnt area detection at global scale using ATSR-2: The GLOBSCAR prod-
ucts and their qualification. journal of Geophysical Research—Atmospheres,
109(D14).

Plummer, S., Arino, O., Ranera, F., Tansey, K., Chen, J., Dedieu, G., et al.
(2007). The GLOBCARBON initiative - Global biophysical products for terres-
trial carbon studies. Igarss: 2007 IEEE International Geoscience and Remote
Sensing Symposium, 1-12, 2408-11.

Giglio, L., Kendall, J. D., and Mack, R. (2003). A multi-year active fire dataset
for the tropics derived from the TRMM VIRS. International Journal of Remote
Sensing, 24, 4505-25.

Arino, O., and Paganini, M. (2007). In C. M. U. Neale, M. Owe, and G.
Durso (Eds.), Remote sensing for agriculture, ecosystems, and bydrology IX
(pp. 74206)..

Arino, O., Melinotte, J. M., Rosaz, J., and Monjoux, E. (1997). ESA FIRE product.
Physical measurements and signatures in remote sensing (Vols 1 and 2)..
International Energy Agency. (2010). National energy statistics. Retrieved from
http://www.iea.org/stats/rd.asp

1590

1595

1600

1605

1610

1615

1620

1625

Q23

Q24

Q25



